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Summary
Bacterial chromatin contains the genetic code of bacteria, assembled by
many factors into a compact structure called nucleoid. The primary fo-
cus of this thesis is on the role of nucleoid-associated proteins in shaping
the bacterial nucleoid and regulating the gene expression. Despite wealth
of knowledge on the function of these proteins obtained by biochemical
studies, little is known regarding their molecular mechanism. This gap of
knowledge can be bridged by biophysical techniques, which are capable to
probe the DNA binding properties of these important proteins at the single-
molecule level. Single-molecule manipulation using magnetic tweezers and
single-molecule imaging using atomic force microscopy were utilized in the
works leading to this thesis to gain insights into the molecular mechanisms
of gene regulation and DNA packaging in bacteria.
Each year, bacterial pathogens cause infections leading to innumerable ill-
nesses, hospitalizations, and deaths. The virulence gene expression of these
pathogens is often regulated by these gene silencing and anti-silencing pro-
teins. In cystic fibrosis (CF) patients, for example, Pseudomonas aerugi-
nosa infects and persists in the lung as colonies encased in a matrix called
viii
Summary ix
biofilm, which can increase their resistance towards antibiotics. These vir-
ulence gene expression and biofilm formation are regulated by important
gene silencing proteins MvaT and MvaU. In pathogenic E. coli, the inter-
play between H-NS and Ler protein is crucial in regulating the pathogenic-
ity island containing the genes responsible for causing severe infantile di-
arrhoea, haemorrhagic colitis, hemolytic-uremic syndrome, etc.
In this thesis, I present my work on global gene silencing protein in Pseu-
domonas aeruginosa, MvaT, which is a member of H-NS-family proteins.
I show that MvaT can form rigid nucleoprotein filaments, while its func-
tionally defective and higher-order oligomerization defective mutants can-
not form such filaments. These experiments provide a vital link between
the formation of nucleoprotein filaments and gene silencing. I also stud-
ied MvaU, an MvaT paralogue, which can function coordinately and form
heteromeric complexes with MvaT. Lastly, I investigated the DNA bind-
ing properties of Ler and its competition with H-NS to better understand
gene anti-silencing mechanisms. The novel findings in this thesis provide
valuable insights and extend our understanding on the role of nucleoid-
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Introduction
This thesis is about the study of bacterial proteins and their role in gene
regulation and DNA packaging. This chapter is written to give the reader
some basic background and frameworks on the subjects covered, as well as
the objective of the study. The experimental methods used to study these
subjects will be detailed in the next chapter.
1.1 Background of the Study
Bacteria are one of the earliest life forms, and they inhabit most environ-
ment on earth. They play an important role for mankind, some of which
are beneficial, while others can cause diseases in the human body. The ge-
netic information of these unicellular organisms is mainly contained in the
chromosomal DNA, which can vary in size from 160,000 bp to 12,200,000
bp. This long DNA is organised and compacted into nucleoid, a dynamic
structure in a defined region of the bacterial cell. Such packaging requires
abundant DNA binding architectural proteins, often referred as nucleoid-
associated protein (NAPs). In addition, the physical organisations of the
nucleoid have tremendous impacts on gene transcription regulations, either
by restricting RNA polymerase (RNAP) activities, promoting RNAP bind-
ing, or indirectly regulating the activities of other proteins.
1
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Bacteria can also acquire genetic information from another bacteria through
horizontal gene transfer, such as the genes responsible for antibiotic resis-
tance and virulence factors. This acquisition of foreign genes have to be
tightly controlled to prevent decreased fitness. In enteric bacteria, these
genes are silenced by an abundant protein H-NS (histone-like nucleoid
structuring protein) [1]. Importantly, many horizontally acquired genes
silenced by H-NS are related to the spread of virulence factors and in-
creased drug resistance [2–5]. The genes silenced by H-NS are often benefi-
cial to bacteria under certain conditions. Under such circumstances, anti-
silencing proteins can antagonize H-NS mediated gene silencing through
various mechanisms and increase the level of gene transcription [6].
Overall, packaging of chromosomal DNA into compact nucleoid structure
and regulation of gene expression are the two most important elements in
the life of bacteria. These processes are aided by many important pro-
teins. Biochemical studies have identified and discovered the function of
these proteins and their regulatory pathways. In addition to finding the
functions of these proteins, it is equally important to understand how they
perform their function, i.e. their molecular mechanisms, which are mainly
due to their DNA binding activity. Moreover, many in vitro biochemical
methods both lack and neglect the importance of force in bacterial cell
function and regulation, which is ubiquitous both inside and outside the
bacterial cell. Inside the bacterial cell, molecular motors such as RNA poly-
merase and DNA polymerase can actively produce force > 20 pN during
their activity [7]. In addition, possible multiple attachment of nucleoid to
cell wall can impose tension on the nucleoid structure [8]. Assuming that
the protein-DNA interaction energy is in the range of kBT , the force gen-
erated on the nucleoid structure can be up to few pN.
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This lack of understanding on the DNA binding mechanisms of important
bacterial proteins, together with the neglect of force, become the roadblocks
to better understand their underlying role and function. Unravelling their
mechanisms of action can o↵er crucial insight in deciphering complex bac-
terial systems. Single-molecule investigations promise to overcome such
roadblocks and advance our understanding as we delve into the nano-sized
world. In this study, the molecular mechanisms of protein-DNA interac-
tions are investigated to a large extent with single-molecule manipulation
methods using magnetic tweezers and single-molecule imaging using atomic
force microscopy (AFM).
1.2 Literature Review
In this section, brief overviews of the topics related to our study are pre-
sented, in order to give the reader some frameworks on the subjects covered
in this thesis. The topics covered include structure and genetics of bacteria,
bacterial DNA organisation, and regulation of gene expression in bacteria.
1.2.1 Structure and Genetics of Bacteria
Bacteria constitute one of the two domains of prokaryotes, the other being
archaea, which lack nucleus and membrane-bound organelles in their cyto-
plasm. Instead, the bacterial cell is enclosed by plasma membrane, which
holds the essential components inside the cytoplasm such as proteins, ribo-
somes, DNA in the form of nucleoid and plasmid, etc [9]. Most bacteria also
possess cell wall on the outside of the plasma membrane, which is essential
for their survival [10]. The di↵erence in the cell wall broadly divide bacteria
into two di↵erent type: Gram-negative and Gram-positive bacteria. The
cell wall of Gram-positive bacteria is thicker and consists of many layers of
peptidoglycan, a common material in bacterial cell wall, compared to the
relatively thin cell wall and few layers of peptidoglycan in Gram-negative
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Figure 1.1: A diagram of a typical prokaryotic cell. By Mariana Ruiz Villarreal,
LadyofHats [Public domain], via Wikimedia Commons
bacteria [11, 12].
The genetic information of bacteria is mainly encoded in the chromosome,
which is a single circular DNA organised by proteins in a structure called
nucleoid [13]. The nucleoid consists mainly of DNA, with some RNA and
proteins. The length of this genomic DNA varies across di↵erent species of
bacteria, but is typically several million base pairs. On the other hand, the
typical bacterial cell is only 1 2 µm, dwarfed in size compared to the mas-
sive genomic DNA (⇠ 1.5 mm in length for E. coli, which has ⇠ 4.6 million
base pairs of DNA). Accordingly, the genomic DNA needs to be compressed
and packed into a compact structure. Achieving this requires many factors,
including DNA supercoiling, macromolecular crowding, as well as the aid
of nucleoid-associated proteins (NAPs) [14]. Notably, it is found that e↵ec-
tive compaction can be achieved via osmotic pressured by macromolecular
crowding [15]. In addition, nucleoid-associated proteins can utilize several
mechanisms to promote compaction, such as DNA looping, bridging, bend-
ing, and compaction in the dynamic organisation of nucleoid structure [16].
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In addition to the genetic information encoded in the chromosomes, bacte-
ria can also acquire small extra-chromosomal plasmid DNA through hori-
zontal gene transfer. This mechanism of gene transfer is particularly impor-
tant in the interspecies transfer of drug or antibiotic resistance in bacterial
pathogens [2–4] and the spread of virulence factors [5]. The process of
horizontal gene transfer can occur through di↵erent mechanism, such as
transduction, transformation, or conjugation [17, 18]. Transduction occurs
when a virus (e.g. bacteriophage) infects and transfers genetic material
from another bacteria. Transformation occurs when a bacteria gets genetic
material from the external environment, which are present due to the death
and lysis of another bacteria. Gene transfer via conjugation happens by
way of direct contact between bacterial cells. The acquisition of these for-
eign genes need to be regulated, because uncontrolled expression of these
genes can reduce bacterial fitness.
1.2.2 Bacterial DNA Organisation
The chromosomal DNA in bacteria is organised into a compact structure
called nucleoid. DNA compaction can be achieved by combination of sev-
eral di↵erent factors, including DNA supercoiling that forms plectonemic
structure [19], compaction force by macromolecular crowding [15, 20, 21],
and DNA architectural proteins [16]. Their combined action results in a
compact nucleoid that occupies only about a quarter of the intracellular
cell volume [16]. Early reports using electron microscopy showed that E.
coli nucleoid is organised into plectonemic structure with DNA loops em-
anating from the central core [22, 23]. This structure is further stabilized
and organised by NAPs. In addition, the nucleoid has to be organised dy-
namically to grant transcriptional access to dormant genes in response to
sudden environmental changes.
Many histone-like proteins in the nucleoid, which have high intracellular
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abundance and low molecular weights, play an important role in modulat-
ing the bacterial chromosome structure [24]. These proteins bind to DNA
and introduce topological changes that a↵ect nucleoid structure depending
on their relative stoichiometry to DNA and various environmental factors.
The major NAPs that have been well characterized include factor for inver-
sion stimulation (Fis), integration host factor (IHF), heat-stable nucleoid
structuring protein (H-NS), and heat-unstable protein (HU). Biochemical
experiments and super-resolution microscopy have revealed that HU, Fis,
IHF, and StpA (an H-NS paralogue) are scattered throughout the nucleoid,
while H-NS forms two compact clusters per chromosome, demonstrating the
vital importance of H-NS in bacterial chromosome organisation [25].
The composition of NAPs in the nucleoid varies depending on the growth
phase of the bacteria [26]. The bacterial growth can be modelled with
four stages, including lag phase, log/exponential phase, stationary phase,
and death phase [27, 28]. Fis, the most abundant NAPs in the exponen-
tial growth phase, can introduce DNA bending, coat DNA to form an
ordered Fis-DNA array, and induce DNA loops as the Fis concentration
is increased [29, 30]. The highly abundant IHF can induce DNA bend-
ing, overcrowd the DNA sites, and promote DNA compaction, which de-
pend on many factors including force, monovalent salt concentration, and
MgCl2 concentration [31–34]. The heterodimer protein HU in E. coli can
bend DNA and form rigid nucleoprotein filament, depending on protein
and monovalent salt concentration [35–38]. E. coli and Salmonella H-NS
can cooperatively bind and polymerize DNA to form rigid nucleoprotein fil-
aments at low MgCl2 concentration, while DNA bridging and higher-order
compaction are preferred at higher MgCl2 concentration [39–42]. The sum-
mary of the organisation modes of the major NAPs are schematized in Fig
1.2. Overall, these proteins have di↵erent DNA organisation modes, which
are multifactorial and responsive to changes in environmental factors.
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Figure 1.2: DNA organisation modes of major NAPs.
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The local nucleoid structure is dictated by the concerted action of these
abundant NAPs, which can be antagonistic to each other. For example, it
has been suggested that H-NS-induced DNA compaction is reduced in the
presence of HU, due to the formation of rigid helical filaments at higher
HU concentration [43]. In addition, many of these architectural proteins
also serve as transcriptional gene regulator. IHF and Fis can relieve genes
silenced by H-NS at certain promoter site [44–46], and thus the process
of gene regulation can also lead to local reorganisation of the nucleoid
structure. Furthermore, an analysis on the 12 major NAPs revealed changes
in the composition of these proteins depending on the bacterial growth
phase [26]. Since these proteins have di↵erent modes in organising DNA,
the nucleoid structure is dynamically modulated to di↵erent compacted
states due to di↵erent level of expression of the major architectural proteins.
1.2.3 Regulation of Gene Expression in Bacteria
Bacteria are robust against variations in their environment. This remark-
able capacity to adapt is primarily due to their rapid responses in altering
their gene expression pattern, causing expression of di↵erent levels of en-
zymes and proteins needed to survive and thrive in the new environment.
In Gram-negative bacteria, H-NS is known to play a key role in regulating
the transcription of a wide variety of genes (approximately 5 % of E. coli
genes) as transcriptional gene silencer [1, 47–50]. This small (⇠ 15 kDa)
and abundant protein consists of N-terminal domain for protein oligomer-
ization, C-terminal domain for DNA binding, and flexible linker connecting
the two domains [48, 51]. The central region of H-NS, which includes the
flexible linker, is also required for higher-order oligomerization [52]. The
oligomerization activity of H-NS is particularly important for DNA binding
and heteromeric interactions [1].
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There are many H-NS-related proteins in other species of bacteria, and
they also play a key role in gene silencing [48,50,53]. Although they often
exhibit sequence and structural diversity compared to H-NS, these proteins
can functionally substitute H-NS by restoring H-NS-dependent phenotypes
as demonstrated with in vivo complementation assay [50, 53]. Examples
of important H-NS-family proteins include MvaT in Pseudomonas aerugi-
nosa [50] and Lsr2 in the Gram-positive Mycobacterium tuberculosis [54].
The existence of such important proteins among di↵erent species of bacte-
ria pose interesting questions on the relationship between their structure,
function, and evolution.
Another important factor in the remarkable ability of bacteria to adapt and
survive is their ability to acquire new genetic material from other bacterial
species through horizontal gene transfer. Often described as ’evolution in
quantum leaps’, this mechanism can also pose significant regulatory prob-
lem for the recipient bacteria [55, 56]. These xenogeneic DNA often have
higher AT content compared to the ancestral genome [57]. As H-NS bind-
ing shows preference to AT-rich DNA [56,58–60], H-NS plays an important
role as xenogeneic silencer. The absence of H-NS results in uncontrolled
expression of pathogenicity islands that may have deleterious impact on
the bacteria [59].
Another important factor to consider in the regulation of gene expression
is the process of gene anti-silencing. How do bacteria derepress silenced
genes to benefit from their expression and integrate horizontally acquired
genes that are silenced? There are multiple mechanisms that can be em-
ployed to counteract H-NS silencing, which include altering DNA topology,
competing for DNA binding with anti-silencing proteins, and forming het-
eromeric complexes with H-NS [6]. In a protein-independent mechanism,
environmental signals such as temperature and salt concentration can help
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to alleviate transcription repression by reducing H-NS’s DNA binding a n-
ity or changing the local DNA structure [61, 62].
Bacterial gene regulation, which involves silencing and anti-silencing, largely
depends on protein-DNA interactions, as shown previously that H-NS prin-
cipally silences gene transcription by restricting RNA polymerase access
to DNA [59]. Moreover, it has been proposed that H-NS can repress
transcription by impeding RNA polymerase through formation of DNA
bridges [63, 64]. On the other hand, the formation of rigid H-NS nucleo-
protein filaments has also been proposed as the mechanism responsible for
gene silencing [40]. There are many other H-NS-related gene silencing pro-
teins across bacterial species, and thus unravelling the DNA organisation
modes of H-NS, H-NS-family proteins, and proteins that can antagonize
gene silencing are key to better understand the molecular mechanism of
gene regulation.
1.3 Objective of the Study
At the end of the study, we aim to better understand the DNA organisation
mode of several bacterial nucleoid-associated proteins at single molecule
level, which may provide us with invaluable information on how these im-
portant bacterial proteins achieve their in vivo regulatory function. There
are numerous important nucleoid-associated proteins, and our work will fo-
cus mainly on H-NS and H-NS-family proteins. To be more specific, first we
would like to gain better understanding on the mechanism of gene regula-
tion by H-NS and H-NS-family proteins, which includes gene silencing and
anti-silencing. How does protein binding result in gene repression? And
how do these silenced genes get derepressed to allow transcription? Second,
the potential role of these proteins in chromosomal DNA packaging will be
explored.
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1.4 Thesis Outline
This thesis describes the scientific work done during my PhD candidature
at the National University of Singapore. The background and motivation
of the research work are presented in this chapter.
Chapter two describes the main experimental techniques used in the re-
search works leading to this thesis. Single molecule manipulation method
using transverse magnetic tweezers enables us to stretch single DNAmolecule
and probe the e↵ects of DNA-binding proteins on DNA mechanical proper-
ties. This manipulation technique is complemented with imaging method
using atomic force microscopy to visualize the conformations formed by
DNA or DNA-protein complexes. Together, these single-molecule manipu-
lation and imaging experiments make it possible for us to ”feel” and ”see”
the molecules studied, gaining invaluable insights to the molecular mecha-
nism of protein-DNA interactions.
In Chapter three, we present the results obtained from our study on
gene-silencing protein MvaT in Pseudomonas aeruginosa. MvaT is known
as H-NS-like protein in Pseudomonas genus, which functions as global tran-
scriptional silencer. Here, we elucidate the organisation modes of MvaT to
DNA using magnetic tweezers, and visualize the conformations of MvaT-
DNA complexes using atomic force microscopy. We show for the first time
the existence of rigid nucleoprotein filaments in another species of Gram-
negative bacteria, which belongs to a di↵erent order than the enteric bac-
teria. Furthermore, we also demonstrate that MvaT mutants, which can-
not form higher order oligomers, are unable to form rigid nucleoprotein
filaments. The results of this chapter support the hypothesis that the for-
mation of nucleoprotein filaments is a conserved and general mechanism
across prokaryotes for gene silencing.
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In Chapter four, we studied another important protein in Pseudomonas
aeruginosa, MvaU, which is known as the homologue of MvaT. The DNA
organisation modes and conformations of MvaU-DNA complexes are ex-
plored with our single-molecule methods, and we find striking similarities
in MvaU’s DNA organisation modes compared to MvaT’s. In addition, we
also show that MvaU can restrict DNA accessibility from DNase1 cleavage,
which further supports the role of nucleoprotein filaments formation in bac-
terial gene regulation. The similarities in the DNA organisation modes of
MvaT and MvaU may correspond to their reciprocity and predicted func-
tional redundancy in vivo. This finding advances our understanding on the
existence of multiple H-NS paralogue in single organism of Pseudomonas
genus, which may be useful to maintain functional gene regulatory system.
Chapter five describes the results of our study on Ler, an H-NS antago-
nizing protein in pathogenic E. coli. Previous studies have reported that
both Ler and H-NS perform their functions through DNA binding, and
Ler outcompetes H-NS due to its higher DNA binding a nity. However,
unlike H-NS, whose DNA organisation modes have been extensively stud-
ied, the DNA binding properties of Ler are much less understood. Hence,
the molecular mechanism of Ler’s DNA binding and its function to an-
tagonize H-NS-repressed genes remain unclear. Here we use single-DNA
stretching and AFM imaging to demonstrate that Ler binds to DNA in
wrapped and unwrapped mode through a largely non-cooperative process.
This is in contrast to H-NS that cooperatively binds to DNA and forms
rigid nucleoprotein filaments. Further, we demonstrate that at equal or
lower concentration, Ler can displace preformed H-NS nucleoprotein fila-
ments over wide physiological ranges. These findings will serve as a basis
to understand Ler’s interplay with H-NS and provide important insights to
its anti-silencing activity.
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We conclude our results in Chapter six, reviewing what we have learned
about bacterial gene regulation and chromosomal DNA packaging through
our study on gene silencing and anti-silencing proteins in bacteria. We also
highlight the relevance and outlook of our study to provide direction and
areas for future research.
Chapter2
Experimental Techniques
The recent advances in single molecule methods have helped to unravel
many aspects of biological processes that are previously unobserved in
bulk biochemical experiments. These ensemble experiments give the av-
erage signal from multitudes of biological or chemical phenomena, thus
obscuring important individual phenomenon that is transient or invisible
due to population averaging. In addition, all biological processes involve
molecular-scale forces, which is nearly absent in most biochemical exper-
iments. Single-molecule manipulation techniques that allows us to ma-
nipulate single DNA molecule and exert forces have enabled us to better
understand the underlying molecular mechanism.
Single molecule manipulation methods, such as optical tweezers, magnetic
tweezers, and atomic force microscopy, enable us to monitor in real-time
the forces and movements that develop in biochemical processes, as well as
exerting external forces to measure the physical properties such as elastic-
ity [65–67]. In addition, single molecule imaging methods, such as atomic
force microscopy and electron microscopy, enable us to visualize the con-
formations formed during these biochemical processes, such as the confor-
mations of DNA and protein-DNA complexes. Combined together, these
two major single molecule methods of manipulation and imaging allow us
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to ”feel” and ”see” the molecules of our interest.
Each of the single-molecule techniques have their own strengths and limi-
tations. Here we describe the main techniques used in our study of DNA
and protein interactions: magnetic tweezers for single-molecule manipula-
tion, and atomic force microscopy for single-molecule imaging, the results
of which are presented in the next few chapters.
2.1 Magnetic Tweezers
Single molecule manipulation using magnetic tweezers utilize a pair of per-
manent magnet to generate external magnetic field and thus exert magnetic
force on paramagnetic beads. The molecule of interest, commonly a single
DNA molecule, is tethered to glass surface on one end and paramagnetic
bead on the other end. The force generated is proportional to the gradient
of the square of the magnetic field, and the magnitude of the force in the
experiments can be tuned by controlling the distance between the magnets
and the sample chamber. The magnets can be placed above the sample
chamber in an inverted microscope (vertical magnetic tweezers), or beside
the sample chamber (transverse magnetic tweezers).
Compared to other force spectroscopy techniques, magnetic tweezers o↵er
many advantages due to its simplicity. They do not su↵er from sample
heating or photodamage that commonly plague optical tweezers, thus ex-
periments can be conducted on long time scales. Coupled with straight-
forward bu↵er exchange process, magnetic tweezers allow single molecule
manipulation over wide ranges of bu↵er conditions and temperatures. Mag-
netic tweezers also o↵er the possibility of imposing torque on the molecules
stretched. In addition, the force generated on the magnetic particles varies
with separation between the magnets and the magnetic particles on the
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scale of millimeters. Owing to this property, magnetic tweezers have the
advantage of passive force-clamp, as the usual extension variation of the
molecules studied is only few micrometers.
Despite the simplicity and versatility, magnetic tweezers have some draw-
backs and limitations, which are mainly due to its lack of three dimensional
manipulation compared to other techniques such as optical tweezers. In-
stead, magnetic tweezers exert a constant pulling force in one dimension.
This limitation can be overcome with electromagnetic tweezers that per-
mit manipulation in three dimension. However, cumbersome and sophisti-
cated instrumentation are needed, and it is less sensitive compared to other
three dimensional force spectroscopy techniques. For our experiments, one
dimensional manipulation will su ce to elucidate the DNA organisation
modes of bacterial proteins.
2.1.1 Experimental protocol
DNA constructs
  DNA molecules were labelled on both end with single biotin molecule by
filling the 12 bp sticky ends with biotin-16-dUTP (Roche), dATP, dGTP,
dCTP (Invitrogen) using VentR (exo-) DNA polymerase (NEB). A solution
containing 400 µg/mL   DNA (NEB) was mixed with 15 µM of biotin-
16-dUTP, dATP, dCTP, and dGTP each, in 20 mM Tris-HCl pH 8.8, 10
mM (NH4)2SO4, 10 mM KCl, 5 mM MgSO4. The polymerization was done
by adding the VentR (exo-) DNA polymerase, incubated in 72  C for 30
minutes. Glycerol was added to the biotinylated   DNA (40-50 %), and
the DNA solution was stored in -20  C for future use.
Surface modification
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Figure 2.1: Schematic diagram of the sequence of reactions involved in the glass
surface functionalization. (A) Silanization of the coverslips edge with APTES.
(B) Surface modification with glutaraldehyde. (C) Immobilization of protein (we
used streptavidin). (D) Streptavidin-coated coverslips edge are ready for binding
to biotinylated DNA for DNA stretching experiments.
The edge of #0 cover slip was polished to yield a flat surface. The polished
coverslip was then sonicated in acetone for 15 minutes to remove the impu-
rities adhering to the surface, and rinsed thoroughly with deionized water.
Next, the cleaned coverslip was boiled in piranha solution (a mixture of
98 % sulphuric acid, 35 % hydrogen peroxide, and deionized water in the
ratio of 1:1:5) for 2 hours in ⇠ 150  C to remove the organic residues from
the glass edge and hydroxylate the surface, in preparation for the surface
modification. The glass was then washed by sonication in deionized water
for 5 minutes, repeated twice to completely remove the remaining piranha
solution on the glass edge. The chemical reaction involved during surface
modification is schematized in Fig. 2.1.
After the washing, the coverslips edge were treated with 1.5 % solution of
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(3-Aminopropyl)triethoxysilane (APTES) in methanol for 1 hour at room
temperature, followed by 5 minutes sonication in deionized water to remove
the remnant of crosslinked APTES. Next, the silanized coverslips edge were
incubated with 2.5 % solution of glutaraldehyde in deionized water for at
least 4 hours in room temperature, followed by three rounds of 5 minutes
sonication in deionized water to remove any remaining glutaraldehyde on
the glass edge. The glutaraldehyde-functioned coverslips edge are amine-
reactive, and streptavidin or other antibodies can be crosslinked to the
coverslips edge. To enable binding to biotinylated DNA, we incubated the
coverslips edge with 50 µg/mL streptavidin in 1x PBS bu↵er overnight.
Afterwards, we incubated the coverslips edge in 0.5 M solution of ethanol
amine in deionized water for 3 hours to block any possible unassociated
glutaraldehyde in the coverslips edge. Finally, the streptavidin-functioned
coverslips edge were stored in solution containing 2 % bovine serum albu-
min (BSA) in 4  C for future use.
Experimental setup
The setup that we used in our experiments was based on the first report of
DNA stretching in the focal plane with some modifications as illustrated in
Fig. 2.2 [68]. Home-made channel was constructed using microscope glass
slides and cover slips, which contained the streptavidin-functioned cover-
slip edge. Small capillary glass tubes at the channel ends allow us to have
a reliable bu↵er exchange process using automated syringe pump, which
minimizes perturbation to the experimental setup and improves repeata-
bility for each experiment. The magnet was located outside the channel,
and the position of the magnet was controlled by XYZ manipulator. The
force induced by the flow during acquisition is estimated to be ⇠ 10 pN at
the normal flow rate, which is perpendicular to the stretching force.
In the experiments, the channel was first blocked with 2 % BSA to prevent
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Figure 2.2: Schematic diagram of transverse magnetic tweezers setup used in
our experiments. The upper panel shows the screenshot taken during one of
the measurements. Gray shaded area on the left part of the image is the thin
polished cover slip, and the dark grey line is the cover slip edge. This edge is
taken as the reference point from the centroid of the magnetic bead to determine
the extension of the stretched DNA. Note that when the extension of the DNA is
⇠ 3 µm, the image of the bead is near the edge of our observation area and may
interfere with the measurement. Therefore, we didn’t let the extension of the
DNA to go lower than this limit. The attachment of DNA to the cover slip edge
and magnetic bead is done through streptavidin-biotin ligand interactions. The
position of the pair of permanent magnet is adjusted to control the magnitude
of force applied on the paramagnetic bead.
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non-specific binding of DNA or proteins to the glass channel. Su cient
amount of biotinylated  -DNA was then flowed inside the channel and
incubated for ⇠ 15 minutes. Following this, streptavidin-coated paramag-
netic beads were flowed inside the channel, such that we could stretch a
possible single  -DNA. An arbitrary o↵set is chosen such that the distance
between the reference point and the bead centroid at high force (⇠ 10 pN)
matches the Marko-Siggia formula [66].
2.1.2 Force calibration





where kB is the Boltzmann constant, T is the temperature, z is the mea-
sured extension of the DNA, and   is the variance of transverse bead fluc-
tuation (perpendicular to the stretching force). This formula is used to
calculate the stretching force in the single-DNA stretching experiments
conducted by magnetic tweezers at each magnet position.
2.1.3 Worm-like chain polymer under force
In worm-like chain (WLC) model, the polymer is considered as continuous
elastic rod with contour length L. When WLC polymer is subjected to
force, the interpolation formula used to approximate the force-extension
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where F is the stretching force, A is the persistence length that describe
the polymer bending rigidity, kB is the Boltzmann constant, T is the tem-
perature, z is the measured extension, and L is the contour length of the









For the experiments, we will use the high force approximation of the Marko-
Siggia formula (Equation 2.3). Assuming that we are stretching a single
DNA, we reduce the force from ⇠ 10 pN to ⇠ 1 pN and ⇠ 0.1 pN and
record the persistence length at these force values. Consistent persistence
length value (A ⇡ 50 nm) over the force range indicates that we are indeed
stretching a single DNA.
2.1.4 E↵ects of protein binding on DNA microme-
chanics
After the force calibration on single   DNA is performed, we obtain the
force-extension curves of naked DNA as our control experiment. By chang-
ing the bu↵er to those containing DNA-binding protein of our interest, we
can study the DNA binding properties of the protein by its impact on DNA
elastic response (Fig. 2.3). Theoretical predictions have shown that binding
of DNA-distorting proteins can change the force-extension curves of DNA,
hence giving us information on the binding mechanism [70]. Throughout
the thesis, we use several terms to describe the e↵ects of protein binding
on DNA micromechanics, such as ”DNA organisation mode”, ”sti↵ening”,
and ”folding”. ”DNA organisation mode” refers to how DNA is organ-
ised by proteins, such as extended protein-DNA filament, DNA bridges,
or more complex condensation of DNA. We define ”sti↵ening” as the in-
crease in bending rigidity or persistence length, which can be quantitatively
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Figure 2.3: Force response of   DNA (⇠ 16 µm in contour length) to protein
binding. (A) A sketch showing a naked DNA (left panel), a rigid nucleoprotein
filament (middle panel), and a DNA bound with DNA bending proteins (right
panel), all subjected to the same tension. (B) The corresponding expected force
responses of a naked DNA by the semi-flexible polymer model [66] with a persis-
tence length of 50 nm (solid line), a rigid nucleoprotein filament with a persis-
tence of 100 nm (dotted line), a rigid nucleoprotein filament with a persistence
length of 100 nm and a shorter contour length (15 µm) caused by simultaneous
DNA wrapping (dashed line), and a DNA with a reduced persistence length of
25 nm (dash-dot line) to approximate the force-response of a kinked DNA [70].
measured by fitting with Marko-Siggia formula (Equation 2.3) or qualita-
tively implied from force-extension curve of protein-DNA complexes that
lies above the naked DNA curve. ”Folding” refers to the observation in
magnetic tweezers that the extension of protein-DNA complexes is below
the extension of naked DNA at the same force. Magnetic tweezers, how-
ever, cannot determine the conformation of protein-DNA complex caused
by DNA folding. Hence, this technique is complemented by AFM experi-
ments to determine the DNA organisation mode of protein that cause DNA
folding in our stretching experiments. In general, the observed DNA fold-
ing can be caused by DNA bridging, DNA aggregation, DNA looping or
DNA bending.
Bacterial DNA that contains the genetic information needs to be packaged
inside the small nucleoid. For E. coli, the genomic DNA can extend up to
⇠ 1 mm, while the cell is only about 1 2 µm) in size. Hence, bacterial
DNA packaging involves folding, wrapping, looping, and other distortions
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to fit the long genomic DNA into the cell. The DNA architectures are
also key to binding of regulatory proteins that a↵ect the regulation of gene
transcription [71–73]. To facilitate these important regulatory processes,
many nucleoid-associated proteins such as H-NS, IHF, and HU bind and
distort the DNA double helix. H-NS can sti↵en the DNA backbone at low
magnesium concentration and bridge two double-stranded DNA at higher
magnesium concentration [40–42], while IHF and HU can introduce DNA
bending [31,74]. All these DNA distortions will impact the elastic response
of DNA as reflected in the force-extension curves. Therefore, single DNA
stretching experiments using magnetic tweezers can give us wealth of in-
formation on the binding properties of these and many other proteins.
2.2 Atomic Force Microscopy
The atomic force microscope uses the interaction of a sharp tip with sam-
ple surface to obtain the height profile or topography of the surface. The
size of the tip end, which are normally a few nanometers in radius, will
determine the lateral resolution of the experiment. This tip is mounted
on a cantilever, which behaves like a spring with high resonance frequency
and low spring constant. The movement of the sample stage is controlled
by piezotranslator. A laser beam is directed to the cantilever surface and
the reflected laser spot is detected by position-sensitive photodetector to
determine the cantilever deflection.
In contact mode, the AFM tip is in contact with the surface that results in
repulsive force. The force between the tip and the surface is kept constant
by maintaining the cantilever deflection through feedback mechanism. If
the deflection deviates from its setpoint value, the feedback amplifier will
apply voltage to the piezoelectric scanner, adjusting the sample vertical
position to maintain constant cantilever deflection. This voltage data can
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Figure 2.4: Block diagram of atomic force microscope. The sample surface is
mounted on the piezotranslator (PZT) scanner. Reflection of laser beam to
the photodiodes can detect signals caused by cantilever deflection or amplitude
changes in cantilever oscillation to provide feedback signal for the PZT scanner.
The voltage obtained through this feedback mechanism is translated into the
height profile of the sample surface. By Twisp (Own work) [Public domain], via
Wikimedia Commons
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be processed into the height of the sample surface, giving us the surface
topography.
In tapping mode or AC mode, the cantilever is oscillated close to its reso-
nance frequency. The cantilever can be driven by either ultrasonic vibration
(acoustic AC or AAC mode) or by magnetic field (magnetic AC or MAC
mode). The interaction force between the AFM probe and the surface can
cause the amplitude of cantilever oscillation to decrease as the tip moves
closer to the sample surface. As the tip is scanned over the sample, the
piezoelectric actuator will adjust the sample vertical position to maintain
a set cantilever oscillation amplitude. The voltage data from the feedback
mechanism is then processed to obtain the height profile of the sample sur-
face.
2.2.1 Mica surface modification
Mica surface provides atomic flatness that enables us to do single-molecule
imaging. Since the mica is negatively charged, divalent cations such as mag-
nesium are required to bridge the mica surface and the negatively charged
DNA phosphate backbone. However, the organisation modes of protein to
DNA can be sensitive to many environmental factors, and thus the con-
formations of the nucleoprotein complexes can be severely a↵ected. For
instance, H-NS is found to bridge DNA and form hairpin structures in >
2 mM MgCl2, while rigid H-NS nucleoprotein filaments are formed at < 2
mM MgCl2 [42]. Hence, it is important to have an imaging surface that
allows us to control the bu↵er conditions. The widely used imaging surface
using freshly cleaved mica necessitates the use of magnesium ions, as DNA
binding to mica is mediated by magnesium ions. To overcome this limi-
tation, we use glutaraldehyde-modified mica for our imaging experiments,
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which gives us the flexibility to perform single molecule imaging in the ab-
sence or presence of magnesium ions.
Using glutaraldehyde-modified mica for imaging experiments can o↵er addi-
tional advantages. Glutaraldehyde-modified mica is less charged compared
to the negatively-charged fresh mica and the positively-charged APTES-
modified mica. In addition, the surface adsorption of glutaraldehyde-
modified mica is mainly caused by the covalent bond formed by the interac-
tion of glutaraldehyde with the amine group of the protein-DNA complexes,
which is more robust compared to electrostatic attachment in APTES-
modified mica or fresh mica. This kinetic trapping process caused by irre-
versible sample-surface interactions leads to orthogonal projection of three-
dimensional structures into two-dimensional mica surface. In contrast, sur-
face adsorption using freshly cleaved mica is mediated by magnesium ion,
and therefore the DNA molecules will equilibrate onto the surface and be-
have as ideal worm-like chain polymers in two-dimensional solution [75,76].
Hence, mica surface modification using glutaraldehyde can give a better
representation of the conformations of protein-DNA complexes formed in
solution. Despite the many advantages of using glutaraldehyde-modified
mica compared to fresh mica, the imaging contrast and quality are gener-
ally poorer.
The surface modification of the mica were carried out as follows. Fresh
mica layer was obtained by peeling the mica layers with double-sided tape.
Next, 0.1 % solution of APTES in deionized water was first centrifuged at
14,000 rpm for 10 minutes to precipitate possible APTES aggregates, before
the solution was deposited on the freshly peeled mica for 15 minutes. The
APTES-treated mica was then thoroughly washed with deionized water.
Following this, 1 % solution of glutaraldehyde in deionized water was in-
cubated on the APTES-treated mica for 15 minutes, followed by thorough
2.2 Atomic Force Microscopy 27
washing with deionized water. The glutaraldehyde-modified mica was dried
with gentle blow of N2 gas, before the DNA or protein-DNA samples were
deposited on the mica for surface attachment and imaging experiments.
2.2.2 The instrument
We used Molecular Imaging 5500 (Agilent Technologies) for our single
molecule imaging experiments. The imaging experiments were performed
with AC mode or tapping mode, using tapping 300 silicon AFM probes
with resonance frequency of ⇠ 300 kHz, force constant of 40 N/m, and tip
radius < 10 nm (PhotoniTech, Singapore). The image resolution and size
varies from one experiment to another, while the typical scan speed is 1
line per second. The output data were processed using Gwyddion software
(gwyddion.net).
Chapter3
The formation of nucleoprotein
filaments and higher order
oligomerization are required for MvaT
silencing activity in Pseudomonas
aeruginosa
”This research was originally published in Nucleic Acids Research [77].
Ricksen Surya Winardhi, Fu Wenbo, Sandra Castang, Li Yanan, Simon L.
Dove and Jie Yan. Higher order oligomerization is required for H-NS fam-
ily member MvaT to form gene-silencing nucleoprotein filaments. Nucleic
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3.1 Introduction
In Escherichia coli, H-NS plays a major role in chromosomal DNA packag-
ing and transcriptional gene regulation, where it functions as global gene
silencer [1,47]. H-NS also serves to silence foreign DNA acquired by lateral
gene transfer [56]. The key regulatory functions of H-NS may be achieved
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through its direct interaction with DNA, as it has been reported previously
that H-NS mainly forms DNA bridges and higher-order DNA bridges at
higher protein concentrations [39, 41]. On the other hand, another group
also reported that H-NS can polymerize and sti↵en DNA under certain
environmental conditions, a mechanism proposed for gene silencing [40].
Recently, it was found that magnesium ions play a key role in regulat-
ing the organisation mode of H-NS to DNA [42]. H-NS-mediated DNA
bridges dominate the conformations at higher magnesium concentration
(> 2 mM), while at lower magnesium concentration (< 2 mM) H-NS poly-
merizes DNA to form rigid nucleoprotein filaments. The mechanism of this
divalent switch is currently unknown.
H-NS has its oligomerization domain in its N-terminus to form dimers
and higher-order oligomers and its DNA-binding domain in its C-terminus
[51, 78–80]. Recent crystallographic study also showed that H-NS can self
associate to form helical protein sca↵old, which is consistent with the poly-
merization of H-NS on DNA [81]. Interestingly, H-NS nucleoprotein fila-
ments are found sensitive to variation in salt concentration, temperature,
and pH [40, 42]. These factors are known to modulate the expression of
genes controlled by H-NS, thus supporting the relevance of H-NS nucleo-
protein filaments to its gene silencing function. In support to this argu-
ment, SsrB, a protein known to antagonize H-NS silencing activities, can
only compete with H-NS for DNA binding when H-NS forms nucleoprotein
filaments [82]. All these evidences suggest that H-NS achieves its function
through DNA binding and the formation of nucleoprotein filaments are
likely relevant to its gene silencing function.
There are proteins in other bacteria with similar function to E. coli H-NS,
and they are called H-NS-like proteins [48,53]. Although these H-NS-family
members often lack sequence and structural similarity to E. coli H-NS, we
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can define them as H-NS homologue due to their capability to function-
ally substitute the lack of H-NS in E. coli hns mutants. In Pseudomonas
strains, an early architectural domain analysis on one of the subunits of
MvaT revealed structural similarity to E. coli H-NS [83]. Later on, it was
found that this particular subunit has 82 % sequence similarity to P. aerug-
inosa MvaT, which shared 18 % sequence similarity to E. coli H-NS and
was identified as the H-NS homologue in Pseudomonas strains [50,84–86].
H-NS-like protein from Pseudomonas strain Y1000, which shares 50% se-
quence identity with P. mevalonii, has also been found able to complement
E. coli H-NS-deficient mutant, showing that it is functionally related to
H-NS [84]. Both H-NS and MvaT also preferentially bind to AT-rich se-
quences of DNA [56,87].
The importance of MvaT is highlighted by mutational studies, which iden-
tified MvaT as a novel global regulator of virulence gene expression similar
to the global gene regulator H-NS [88–90]. Among the genes controlled by
MvaT are those involved in quorum sensing, biofilm formation, exotoxin
A production, and many others [88, 89, 91–94]. The biofilm formation is
particularly important for chronic colonization by P. aeruginosa, which
is a mortal bacterial pathogen that infects individuals with cystic fibro-
sis [91, 95]. Similar to H-NS and other proteins identified as H-NS-like
proteins, MvaT has its oligomerization domain in its N-terminus and its
DNA-binding domain in its C-terminus [50, 96]. The ability of MvaT to
form higher oligomer was found important for MvaT to perform its gene-
silencing function, as MvaT mutants that are defective in higher order
oligomer formation failed to repress the expression of cupA gene, which is
essential for biofilm formation [96].
Despite its biological importance, the molecular mechanism of DNA bind-
ing that underlies MvaT’s regulatory function has been largely unexplored.
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An imaging study has recently shown that MvaT may play a role in chro-
mosomal DNA packaging, as MvaT was shown able to bridge DNA and
formed compact structures at high concentration [85]. The proposed link
between the formation of H-NS nucleoprotein filament and gene silencing
raises the question whether MvaT also forms similar structure and per-
forms its gene silencing function through this mechanism. In addition,
MvaT mutants that lack higher order oligomer formation were found to
be functionally defective in vivo [96]. This raises another important ques-
tion on the importance of higher order oligomer formation on the DNA
organisation modes of MvaT. The answers to these questions will be fun-
damental in understanding the general mechanism of gene silencing and
DNA packaging in bacteria.
3.2 Materials and Methods
Proteins
MvaT, MvaT(F36S), and MvaT(R41P) were purified as described previ-
ously [96].
AFM Imaging
Mica layer was freshly peeled with double-sided tape and incubated with
0.01 1 % solution of (3-Aminopropyl)triethoxysilane (APTES) in deion-
ized water for 15 minutes. After washing with deionized water, 1 % glu-
taraldehyde solution was incubated on the mica for another 15 minutes.
Following this, the mica was washed with deionized water and dried with
gentle blow of nitrogen gas.
 X174 DNA was linearized with Xho1 restriction enzyme for the imaging
experiments. 576 bp DNA was obtained from PCR with   DNA as tem-
plate, followed by purification using PCR Purification Kit (Qiaquick). The
3.2 Materials and Methods 32
concentration of the DNA used in the AFM experiments was 0.2 ng/µL.
Various amount of protein was incubated with the DNA to form protein-
DNA complexes. Next, the sample was deposited onto the mica for 15
minutes, allowing the sample to attach to the glutaraldehyde-layered mica
surface. The mica was then gently washed with deionized water before the
imaging experiment was performed.
Transverse Magnetic Tweezers
  DNA molecule labelled with single biotin at both ends was stretched.
One end of the DNA was bound to streptavidin-coated cover slip edge,
while the other end was bound to 2.8 µm streptavidin-coated paramag-
netic bead. The experiments were done using home-built channels, and the
bu↵er exchange was carried out using automated syringe pump.
Electrophoretic Mobility Shift Assay
475 bp DNA fragment was obtained by PCR using   DNA as template.
The DNA fragments were then separated with 1 % agarose gel electrophore-
sis stained with SYBR, excised, and purified by using Gel Extraction Kit
(Qiaquick).
The EMSA experiments were performed using 1 % agarose gels. Reaction
mixtures containing 40 ng DNA, 50 mM KCl, 10 mM Tris pH 7.5 were
incubated for 30 minutes with various concentration of protein at room
temperature. After adding 6x DNA Loading Dye (Fermentas), the samples
were separated by electrophoresis at room temperature for 2 hours at 60
V. The gels were then stained with SYBR and imaged with Syngene G:Box.
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3.3 Results
3.3.1 MvaT simultaneously sti↵ens and folds DNA in
single DNA stretching experiments
To study the DNA organisation modes of MvaT, we stretched a single  
DNA in the focal plane and examined the changes in mechanical properties
of nucleoprotein complexes reflected in the force-extension curve [68, 70].
First, we applied a force-scanning procedure as follows. The DNA was first
held at high force (⇠ 10 pN) and the force was successively reduced to ⇠
0.1 pN (force-decrease scan), followed by successive increase in force back
to ⇠ 10 pN (force-increase scan). The DNA was held for 30 seconds at
each force point, and the average extension was measured from the last 15
seconds of the data. After the force-increase and force-decrease scan of a
single naked DNA was obtained (Fig. 3.1A, black data), we applied a high
force (⇠ 10 pN) before the bu↵er was changed to those with MvaT.
At 100 nM MvaT, the extension of the nucleoprotein complex lies above the
naked DNA extension over the range of forces tested, showing that MvaT
can sti↵en the DNA (Fig. 3.1, magenta data). We obtained overlapping
force-decrease and force-increase curve, indicating that the nucleoprotein
complex was at steady state over the experimental time scale of ⇠ 15 min-
utes. Increasing the MvaT concentration to 300 nM, we found similar level
of DNA sti↵ening compared to 100 nM MvaT, indicating saturation of the
DNA sti↵ening e↵ect (Fig. 3.1, green data). The force-increase curve, how-
ever, lies below the force-decrease curve at 300 nM MvaT. This hysteresis
indicates non-equilibrium state of nucleoprotein complex that is commonly
found in DNA folding. Increasing the MvaT concentration further to 600
nM MvaT, we found that MvaT can sti↵en the DNA at forces > 0.7 pN
(Fig. 3.1, blue data). At forces < 0.7 pN, DNA folding predominates as
the extension of nucleoprotein complex is below the naked DNA extension.
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Figure 3.1: Single-molecule stretching experiments on MvaT-DNA complexes.
(A) Force-decrease and force-increase curves using the force-scanning procedure
at various MvaT concentration in 50 mM KCl, 23  C, pH 7.5, showing that MvaT
can simultaneously sti↵en and fold DNA. (B) The time-course data at 600 nM
MvaT show the dynamics of MvaT-induced DNA folding and unfolding. (C)
The time-course experiment in panel B was repeated to show the variation in
the folding and unfolding force caused by the stochastic nature of DNA folding
and unfolding.
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Due to the limitation of the instrument, we did not measure the extension
at or below 0.1 pN as the extension was expected to drop below 3 µm.
In conjunction with this limitation, we could not record the force-increase
curve either. The force-extension curves of MvaT-DNA complex at 600 nM
MvaT show that MvaT can simultaneously sti↵en DNA at higher forces and
folds DNA at lower forces.
We measured the variation in DNA extension at 600 nM MvaT to observe
the dynamics of DNA folding and unfolding by MvaT (Fig. 3.1B). DNA
folding started to occur at forces < 0.5 pN. After the DNA was folded to
⇠ 6 µm, we applied a force of 0.92 pN to stop DNA folding and partially
unfold the DNA. A higher force of 2.16 pN was required to fully unfold
the DNA in this experiment. We repeated the experiment using the same
DNA at 600 nM MvaT, and we found that the DNA started to fold at ⇠
0.5 pN, while the force needed to fully unfold the DNA is 12.97 pN (Fig.
3.1C). The folding and unfolding force of MvaT-DNA complexes may vary
due to the stochastic nature of DNA folding and unfolding.
In summary, our single-molecule stretching experiments have revealed that
MvaT binding to DNA results in DNA sti↵ening and DNA folding, with
more folding as the MvaT concentration was increased. We also show that
DNA folding can occur after DNA sti↵ening, meaning that the folding
process can occur after rigid nucleoprotein complex is formed.
3.3.2 MvaT binds cooperatively to DNA
The observation of DNA sti↵ening has recently been found for H-NS [40,42]
and StpA [97], both of which formed nucleoprotein filaments through coop-
erative polymerization process. Here, we would like to examine the mechan-
ical properties of the nucleoprotein complex formed by MvaT. Due to the
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potential interference from DNA folding common at higher MvaT concen-
tration, we use the force-jumping procedure to minimize the contribution
from DNA folding. First, the DNA was stretched at high force of ⇠ 10 pN.
Next, we jumped to lower force for only 7 10 seconds to measure the DNA
extension, before the force was jumped back to high force to prevent any
possible DNA folding. This was repeated for a series of lower forces to gen-
erate the force-extension curves over a wide range of force. Di↵erent from
the previous force-scanning procedure, the force-jumping procedure allows
us to obtain force-extension curve while largely preventing the occurrence
of DNA folding.
Force-jumping experiments were done over a wide range of MvaT concen-
tration to probe the properties of MvaT nucleoprotein complex (Fig. 3.2A
shows representative force-extension curves obtained by force jumping pro-
cedure at 4 di↵erent protein concentrations). Some of the DNA extension
at forces < 0.3 pN was not recorded due to the aggressive folding preva-
lent at lower forces. Increasing amount of DNA sti↵ening was observed as
MvaT concentration was increased, and saturation of DNA sti↵ening was
apparent at > 100 nM MvaT. The data was then fitted with Marko-Siggia
formula (Eq. 2.3) to obtain the bending persistence length and contour
length of the nucleoprotein complexes. At 50 mM KCl and 600 nM MvaT,
we found that the bending persistence length of MvaT nucleoprotein com-
plexes was increased to ⇠ 230 nm (Fig. 3.2B, black diamond), which is
almost twice compared to that of H-NS nucleoprotein sti↵ness at 50 mM
KCl at the highest concentration measured [40]. In conjunction with the
increase in bending persistence length, we also found a slight reduction in
contour length as MvaT concentration was increased (Fig. 3.2B, white di-
amond). This reduction in contour length can be caused by distortion in
DNA structure upon protein binding.
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Figure 3.2: Persistence length and DNA occupancy measurement of MvaT-DNA
complexes. (A) Force-extension curve of MvaT-DNA complexes at various con-
centrations obtained from jumping procedure, which enables the measurement of
nucleoprotein complexes sti↵ness with minimal contribution from DNA folding.
(B) The persistence length and contour length of MvaT-DNA complexes at var-
ious MvaT concentrations were obtained from curve fitting using Marko-Siggia
formula on multiple force-extension data generated from the force-jumping pro-
cedure. The error bars represent the standard deviation from three independent
experiments. (C) The average DNA occupancy at various MvaT concentrations
were quantified based on the persistence length (Eq. 3.4). Each independent
experiment was then fitted with the Hill equation (Eq. 3.5). The average value
of the Hill coe cient and Kd from multiple independent experiments were plot-
ted in the figure legend. The average Hill coe cient value of 1.54 indicates that
MvaT binds cooperatively to DNA.
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The occupancy of protein to DNA can be estimated based on the measured
persistence length. Assuming that the measured DNA extension in the
experiment consists of naked DNA portion and the portion of DNA that
has been occupied by protein,
zmeasured = ↵ zsaturated + (1  ↵) znaked (3.1)
where zmeasured is the measured extension of the nucleoprotein complex,
zsaturated is the extension of the nucleoprotein complex obtained at satura-
tion, znaked is the extension of naked DNA in the absence of proteins, and
↵ is the fraction of DNA occupied by protein. Rearranging the equation
to find for ↵:
↵ =
zmeasured   znaked
zsaturated   znaked (3.2)
Assuming that DNA fully coated with MvaT has negligible reduction in
contour length compared to naked DNA (as shown in Fig. 3.2B), we can
substitute the extension in Eq. 3.2 using the Marko-Siggia formula. At
higher force regime using the Marko-Siggia formula, the polymer extension









where F is the stretching force, A is the persistence length of the polymer,
kB is the Boltzmann constant, T is the temperature, z is the measured
extension of the polymer, and L is the contour length of the polymer.
Equation 3.3 is substituted to Equation 3.2 to derive the occupancy with












where Ameasured is the measured persistence length of the nucleoprotein
complex, Asaturated is the persistence length of the nucleoprotein complex
obtained at saturation, and Anaked is the persistence length of the naked
DNA in the absence of proteins.
Using this equation to interpret our measurements, we obtained the occu-
pancy of DNA at various protein concentration (Fig. 3.2C). Following this,








to obtain the cooperativity and dissociation constant of MvaT binding to
DNA, where Kd is the dissociation constant, [C] is the protein concentra-
tion, and n is the degree of cooperativity of protein binding to DNA. Hill
coe cient value > 1 indicates positively cooperative binding, while Hill
coe cient value < 1 indicates negatively cooperative binding.
Fitting our data with the Hill equation, we obtained an average Kd value of
20 nM and an average Hill coe cient value of 1.54. This positive coopera-
tive binding can explain the DNA sti↵ening observed in our single-molecule
stretching experiments. MvaT binds to DNA through cooperative poly-
merization process that results in the formation of nucleoprotein filaments,
sti↵ening the DNA backbone. Interestingly, this cooperative binding pro-
cess was also observed for H-NS. The implication of MvaT nucleoprotein
filament formation on its role as gene silencing protein will be further dis-
cussed in the Discussions section.
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3.3.3 MvaT forms nucleoprotein filaments and com-
pact DNA structures in single-molecule imag-
ing experiments
After studying the mechanical response of MvaT-DNA complexes, we used
AFM to visualize the conformations of these nucleoprotein complexes. First,
we incubated 0.2 ng/µL of  X174 DNA (5,386 bp long) with various con-
centration of MvaT for 15 minutes in the test tube in 50 mM KCl, pH 7.5 at
room temperature. The protein-DNA mixtures were then deposited onto
glutaraldehyde-modified mica for 1 minute, followed by gentle cleaning with
deionized water and drying with nitrogen gas. In the absence of protein,
 X174 DNA adopted random-coiled conformation in solution (Fig. 3.3A).
At 30 nM MvaT, which corresponds to 1 MvaT monomer for every 10 bp of
DNA, we found that most of the DNA were organised into bridges or com-
pact DNA structures (Fig. 3.3B). Increasing the concentration of MvaT to
300 nM, which corresponds to 1 MvaT monomer for every bp of DNA, we
found helical-like nucleoprotein filaments (magenta arrow), compact DNA
structures (green arrow), or a combination of both (Fig. 3.3C-E). At 3 µM
MvaT, which corresponds to 10 MvaT monomer for every base pair of DNA,
most of the DNA were organised into compact DNA structures (Fig. 3.3F).
Protein-coated loops were often found at nucleoprotein filament end (Fig.
3.3C, white arrow). The large size of the loop indicates that the nucleopro-
tein filament is rigid. In addition, the size of the loop is similar compared to
the stem at the junction as characterized by similar width and height (Fig.
3.3G), suggesting that the naked DNA portion is bound to the protein-
coated DNA. This results favour the interaction between protein-coated
DNA segment to naked DNA segment (Fig. 3.3H), as opposed to the inter-
action between two protein-coated DNA segments (Fig. 3.3I). Otherwise,
we would expect the junction width to be larger in size compared to the
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Figure 3.3:  X174 DNA complexed with MvaT forms nucleoprotein filaments
and compact nucleoprotein structures in AFM imaging experiments. (A) Naked
 X174 DNA adopts random-coiled structure in solution. (B)  X174 DNA com-
plexed with 30 nM MvaT shows hairpin-like structures caused by DNA bridg-
ing. (C-E)  X174 DNA complexed with 300 nM MvaT resulted in a mixture of
extended MvaT nucleoprotein filaments (magenta arrows) and compact MvaT
nucleoprotein structures (green arrows). The MvaT nucleoprotein filaments ap-
pear helical-like, and these filaments can associate with naked DNA to form large
MvaT-coated loop (white arrow). (F)  X174 DNA complexed with 3 µM MvaT
resulted in further condensation of the nucleoprotein complexes to form compact
MvaT nucleoprotein structures. The surface area for all the images are 0.7 µm x
0.7 µm. (G) Cross-sectional line profile of the image in panel C at the stem and
loop structure, showing similar nucleoprotein size as characterized by the height
and width of the structure. Full width at half maximum are indicated at the
top of respective peaks. (H) Model of MvaT nucleoprotein structure formed by
the interaction between protein-coated DNA segment to naked DNA segment.
(I) Model of MvaT nucleoprotein structure formed by interaction between two
protein-coated DNA segments.
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Figure 3.4: MvaT nucleoprotein filaments appear helical-like with regularly
spaced periodic structure. (A) A representative image of MvaT nucleoprotein
filament formed at 300 nM MvaT, which appears to be highly periodic and
helical-like. The molecule is traced with ImageJ for analysis. (B) Periodicity dis-
tribution of MvaT nucleoprotein filaments obtained from helical-like segments of
9 di↵erent molecules. (C) Height traces over the nucleoprotein filament in panel
A, with regular 36-nm-spaced periodic structure. A reference trace of the mica
substrate is shown in red.
loop width. The formation of DNA bridges and nucleoprotein filaments
can be explained by the competition between cooperative polymerization
and association of protein-coated DNA to naked DNA segments. A par-
tially coated DNA can develop into either nucleoprotein filaments or DNA
bridges, depending on whether it interacts with naked DNA or being coated
further with proteins.
We often found a quite regular structure of the MvaT nucleoprotein fila-
ments (Fig. 3.4A). We traced the nucleoprotein contour with ImageJ and
the average periodicity obtained from helical-like segments of 9 di↵erent
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molecules is 36 ± 14 nm (Fig. 3.4B). Height traces of the MvaT nucleopro-
tein filament in Fig. 3.4A shows a regular 36-nm-spaced periodic structure
(Fig. 3.4C). The apparent periodicity is not due to the variation in the
mica substrate as the reference trace of the mica substrate shows much less
variation (red line). Such helical-like structure is also observed previously
for HU in atomic microscopy images, with 16-nm periodic structure [36].
Crystal structure of H-NS also revealed superhelical sca↵old with 28-nm
helicity [81]. These structures are likely formed by protein sca↵old that
wraps around DNA in regular fashion.
In addition to filaments formation, we also found compact DNA structures
(Fig. 3.3, green arrow), which can be explained by either interfilament as-
sociation or further folding induced by additional protein. To test for the
former hypothesis, we incubated the DNA with 300 nM MvaT for 4 hours
to allow the filaments to interact with each other before the sample were
deposited on the mica. If interfilament association occurs, we expect the
filaments to be compacted. We found that the conformations of nucleopro-
tein complexes formed after the 4 hours of incubation were a mixture of
nucleoprotein filaments and compact DNA structures (Fig. 3.5A). These
are similar to those obtained after 15 minutes of incubation (Fig. 3.3C-E),
indicating that the filaments did not interact with each other to form com-
pact structures. To test for the latter hypothesis on MvaT-induced higher
order folding, we added excess protein up to 3 µM after 4 hours of incuba-
tion. The result show that the nucleoprotein filaments coalesced and the
majority of the conformations were compact DNA structures (Fig. 3.5B),
suggesting that excess amount of MvaT protein can result in further com-
paction of DNA. The implication of this property will be further discussed
in the Discussions section.
We used 5,386 bp long  X174 DNA for our imaging experiments, which
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Figure 3.5: MvaT nucleoprotein filaments do not interact with each other, while
additional MvaT proteins can promote interfilament association to form com-
pact nucleoprotein structures. (A)  X174 DNA complexed with 300 nM MvaT
(corresponding to 1 MvaT monomer for every bp of DNA) was incubated in the
test tube for 4 hours before imaging, resulting mainly in monomeric filaments.
(B) After  X174 DNA was complexed with 300 nM MvaT for 4 hours, addi-
tional MvaT was added to a final concentration of 3 µM MvaT (corresponding
to 10 MvaT monomer for every bp of DNA). MvaT nucleoprotein filaments were
condensed to form compact nucleoprotein structures, suggesting that additional
MvaT can induce higher-order condensation. The surface area for all the images
are 3 µm x 3 µm.
adopts random-coiled structure in solution as force is largely absent. In
our single-molecule stretching experiments, the DNA was always subjected
to a certain amount of force. In contrast, the DNA in our imaging ex-
periments interacted with protein in the absence of external force. The
absence of force in our imaging experiments increases the probability of
association between MvaT-coated DNA and naked DNA. A random-coiled
DNA are more likely to be compacted as MvaT can bridge two naked DNA
segments together. This explains the frequent occurrence of compact DNA
structures when  X174 DNA is complexed with 300 nM MvaT.
To better simulate the presence of force in our magnetic tweezers experi-
ments, we conducted imaging experiments using 576 bp DNA. The length
of 576 DNA is only ⇠ 200 nm, about 4 times the bending persistence
length of DNA (which is about ⇠ 50 nm). Owing to its intrinsic rigidity,
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it is more di cult for 576 bp to bend, forcing it to adopt a rigid con-
formation in solution. We would predict that by using 576 bp DNA, it is
more likely for MvaT to complete polymerization on the DNA, thus deplet-
ing the naked DNA population before they have the chance to associate
with MvaT-bound DNA. This will result in lesser amount of compact DNA
structures at 300 nM MvaT compared to 5,386 bp long  X174 DNA. In
agreement with our prediction, we found that the proportion of compact
DNA structures were significantly reduced when 576 bp DNA were com-
plexed with 300 nM MvaT (Fig. 3.6A). We further increased the MvaT
concentration to 3 µM and found that the nucleoprotein filaments were ag-
gregated by the additional MvaT proteins. Monomeric MvaT filaments can
be seen protruding out from the compact structures, supporting the previ-
ous hypothesis that additional MvaT can cause higher-order condensation
of MvaT nucleoprotein filaments. This mechanism is di↵erent from the
formation of DNA bridges that are caused by the association of protein-
coated DNA with naked DNA. Consistent with the results we obtained
using  X174 DNA, MvaT can form nucleoprotein filaments and these fila-
ments can be associated further by excess MvaT in solution.
In summary, the results from our single-molecule imaging experiments re-
vealed that MvaT can form nucleoprotein filaments and compact DNA
structures. The DNA bridges observed in our experiments are likely caused
by the association of naked DNA portion to protein-coated DNA. Although
the filaments can further associate with naked DNA, we found that the fil-
aments cannot interact with each other. Furthermore, the compact DNA
structures found in our experiments can be explained by protein-mediated
interfilament association.
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Figure 3.6: 576 bp DNA complexed with MvaT forms nucleoprotein filaments
and compact nucleoprotein structures in AFM imaging experiments. (A) 576 bp
DNA complexed with 300 nM MvaT resulted in the formation of mainly rigid
nucleoprotein filaments with minor proportion of compact structures. (B) 576
bp DNA complexed with 3 µM MvaT resulted in extensive DNA condensation
that forms compact MvaT nucleoprotein structures. The surface area for all the
images are 4 µm x 4 µm.
3.3.4 E↵ects of variation in environmental factors to
MvaT nucleoprotein filaments and MvaT-induced
DNA folding
Adaptability to environment is an important trait possessed by members
of the Pseudomonas genus [99]. Changes to environmental conditions can
trigger gene expression/repression, which possibly is a direct response from
protein-DNA interaction. H-NS, a global gene silencer, is known to regu-
late gene expression through environmental signals [100]. Single-molecule
stretching experiments have also determined that the nucleoprotein fila-
ment, which may serve as the basis of gene silencing, is sensitive to vari-
ation in environmental factors [40, 42]. Therefore, we would like to exam-
ine whether MvaT also exhibits similar environmental sensitivity to H-NS,
which will provide us with more information to better understand MvaT’s
gene silencing function.
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Figure 3.7: The responses of MvaT-DNA complexes to variation in KCl concen-
tration, pH, temperature, and magnesium concentration. (A) Force-extension
curves of MvaT-DNA complexes as KCl concentration was varied from 200 mM
to 50 mM, showing more hysteresis at lower KCl concentration. (B) Force-
extension curves of MvaT-DNA complexes as pH value was varied from 8.5 to
6.5, showing more hysteresis and rapid DNA folding at lower pH value. (C)
Force-extension curves of MvaT-DNA complexes as the temperature was varied
from 23  C to 37  C, showing rapid DNA folding at higher temperature. (D)
Force-extension curves of MvaT-DNA complexes as MgCl2 concentration was
varied from 0 mM to 5 mM, showing more hysteresis at lower MgCl2 concentra-
tion.
First, we used the force-scanning procedure to probe the e↵ects of en-
vironmental changes to DNA folding. We investigated the e↵ect of KCl
concentration over physiological ranges of 50 200 mM as the monovalent
salt osmolarity in bacteria can vary over a wide range, even up to a few
hundred mM [101]. As we varied the KCl concentration from 200 mM to 50
mM while maintaining a fixed MvaT concentration of 300 nM in solution,
we found an increasing amount of hysteresis (Fig. 3.7A). This result shows
that MvaT-induced DNA folding predominates at lower KCl concentration.
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Similar experiments were performed to assess the e↵ect of variation in pH
and temperature in the range of 6.5 8.5 and 23  C 37  C respectively.
The hysteresis increased as we decreased the pH value from 8.5 to 7.5 (Fig.
3.7B, green data). The occurrence of hysteresis in our experiments are
caused by slight or moderate DNA folding. As the pH value was further
reduced to 6.5, we found rapid folding at forces < 1 pN (Fig. 3.7B, blue
data). These results show that MvaT-induced DNA folding predominates
at lower pH value. To determine the e↵ect of variation in temperature, we
initially conduct the experiment at 23  C, where hysteresis was already ob-
served (Fig. 3.7C, magenta data). Note that due to the stochastic nature
of DNA folding, hysteresis was sometimes found even at 300 nM MvaT. As
the temperature of our home-built channel was increased to 30  C, rapid
DNA folding started to occur at < 0.4 pN (Fig. 3.7C, green data). We also
encountered similar rapid DNA folding as we increased the temperature
further to 37  C (Fig. 3.7C, blue data), showing that MvaT-induced DNA
folding increased as we increased the temperature.
Another important environmental factor that has been found to profoundly
a↵ect the organisation modes of H-NS is magnesium concentration [42]. H-
NS can sti↵en DNA and form nucleoprotein filament structures at < 2
mM MgCl2. At > 2 mM MgCl2, however, DNA bridging predominates
and hairpin-like structures are formed. StpA, an H-NS-like protein, has
also been shown to fold DNA in the presence of magnesium [97]. The
cause of this divalent switch is currently unknown. Here, we would like
to examine whether MvaT also responds to variation in MgCl2 concentra-
tion. We varied the concentration of MgCl2 from 0 mM up to 5 mM while
maintaining a fixed concentration of 300 nM MvaT. As we progressively in-
creased the MgCl2 concentration in solution, we found a moderate increase
in hysteresis (Fig. 3.7D). This indicates that MgCl2 may help to promote
MvaT-induced DNA folding. The trend observed is opposite to increasing
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Figure 3.8: The impact of variation in KCl concentration, pH, temperature, and
MgCl2 concentration to MvaT nucleoprotein filaments. (A) MvaT nucleoprotein
filament was largely una↵ected by variation in KCl concentration in the range
of 50 200 mM. (B) MvaT nucleoprotein filament was largely una↵ected by vari-
ation in pH value in the range of 6.5 8.5. (C) MvaT nucleoprotein filament
was largely una↵ected by variation in temperature in the range of 23  C 37  C.
(D) MvaT nucleoprotein filament was largely una↵ected by variation in MgCl2
concentration in the range of 0 5 mM.
KCl concentration, both of which increase the electrostatic screening e↵ect.
Hence, the mechanism of increased DNA folding by MgCl2 demands other
as yet unidentified mechanism.
As MvaT also organises DNA into nucleoprotein filaments that give rise to
DNA sti↵ening, we used the force-jumping procedure to probe the impact
of variation in environmental factors to nucleoprotein filament sti↵ness.
By varying KCl concentration, pH, temperature, and MgCl2 concentration
over a physiologically relevant range, we found that MvaT nucleoprotein
filaments are generally insensitive to variation in these factors (Fig. 3.8).
In contrast, H-NS filaments were sensitive to variation in these factors as
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Figure 3.9: The conformations of MvaT nucleoprotein complexes formed in 200
mM KCl and 2 mM MgCl2. (A)  X174 DNA complexed with 300 nM MvaT
in 200 mM KCl, resulting in a mixture of MvaT nucleoprotein filaments and
DNA bridges. (B)  X174 DNA complexed with 3 µM MvaT in 200 mM KCl,
resulting in MvaT nucleoprotein filaments along with some compact nucleopro-
tein structures. (C)  X174 DNA complexed with 300 nM MvaT in 50 mM KCl,
2 mM MgCl2, resulting in extended DNA bridges and compact structures. (D)
 X174 DNA complexed with 3 µM MvaT in 50 mM KCl, 2 mM MgCl2, result-
ing in higher-order DNA condensation that forms compact MvaT nucleoprotein
structures. The surface area for all the images are 3 µm x 3 µm.
observed in their impact to the nucleoprotein filament sti↵ness [42].
Next, we performed AFM imaging experiments using  X174 DNA com-
plexed with 300 nM MvaT in 200 mM KCl (Fig. 3.9A). We found fewer
compact DNA structures, while extended MvaT-DNA filaments and DNA
bridges were more prevalent. Increasing the protein concentration further
to 3 µM, we found a mixture of nucleoprotein filaments and compact DNA
structures (Fig. 3.9B). Moreover, hairpin-like structures and protein-coated
loops were occasionally found at this condition, which are formed through
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the association of protein-coated DNA to naked DNA segments. In con-
trast, the conformation of nucleoprotein complexes formed at 3 µMMvaT in
50 mM KCl was only compact DNA structures (Fig. 3.3F, Fig. 3.5B). This
result is also in agreement with the trend in our single-molecule stretching
experiments, in which higher KCl concentration results in less DNA folding
(Fig. 3.7A).
We also performed AFM imaging experiments in a physiologically rele-
vant MgCl2 concentration of 2 mM in the presence of 300 nM MvaT (Fig.
3.9C) and 3 µM MvaT (Fig. 3.9D). In general, the nucleoprotein complex
conformations were similar to the conformations formed in the absence of
magnesium (Fig. 3.3C-F, Fig. 3.5A-B). This is also in agreement with our
single-molecule stretching experiments that show only a moderate sensi-
tivity of MvaT-induced DNA folding to variation in MgCl2 concentration
(Fig. 3.7D).
To summarize, we found that MvaT-induced DNA folding was moderately
regulated by variation in KCl concentration, pH, temperature, and MgCl2
concentration over the range tested. Nevertheless, the nucleoprotein fila-
ments were generally insensitive to variation in these factors.
3.3.5 Functionally defective MvaT mutants cannot
form nucleoprotein filaments
MvaT can form dimers and higher-order oligomers in solution and the for-
mation of higher-order oligomer was found indispensable for its gene silenc-
ing activity [96]. Two regions within the N-terminal region of MvaT, which
are responsible for mediating higher-order oligomer formation, have been
identified. Mutation at these sites are found to impair the gene silencing
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function of MvaT in vivo [96]. Here, we would like to examine the impact
of these mutations on their DNA organisation modes. These information
will give us with valuable insights into understanding the molecular mech-
anism of gene silencing in Pseudomonas aeruginosa.
To ensure that the point mutation on MvaT sequence does not significantly
disrupt its DNA binding capability, we performed gel retardation assay to
determine the dissociation constant of MvaT(F36S) and MvaT(R41P) in
comparison to MvaT. We incubated 475 bp DNA with various protein con-
centration in 50 mM KCl, pH 7.5 for 30 minutes, before the samples were
loaded into the gel. Higher concentration of proteins resulted in mobil-
ity retardation due to higher fraction of DNA bound to the proteins (Fig.
3.10A-C). The results were then fitted with the Hill equation (Eq. 3.5) to
obtain theKd value (Fig. 3.10D-F). TheKd value obtained for MvaT(F36S)
and MvaT(R41P) were 135 ± 2 nM and 152 ± 55 nM respectively. These
values are very close to the Kd value of 148 ± 45 nM obtained for MvaT,
showing that mutation on MvaT sequence at its N-terminal region did not
significantly disrupt its DNA binding capability. Therefore, we can com-
pare the e↵ects of MvaT mutation in our single-molecule experiments.
First, we performed single-molecule stretching experiments to determine
the impact of mutation on MvaT sequence upon the DNA organisation
modes. The force-extension curves obtained in the presence of MvaT(F36S)
show rapid DNA folding in the range of concentration tested (Fig. 3.11A).
Similar experiment was performed using MvaT(R41P) (Fig. 3.11B). At
100 nM MvaT(R41P), both force-decrease and force-increase curve were
below the naked DNA curves (magenta data). The hysteresis between the
force-decrease and force-increase curve indicates moderate DNA folding.
We increased the MvaT(R41P) concentration to 300 nM and 600 nM, and
observed rapid DNA folding at forces < 1 pN. Together, these results show
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Figure 3.10: Gel mobility shift assay of MvaT, MvaT(F36S), and MvaT(R41P)
interactions with DNA. (A-C) A representative electron mobility shift assay
(EMSA) for MvaT, MvaT(F36S), and MvaT(R41P) are shown in panel A, B,
and C respectively. 475 bp DNA were incubated with proteins for 30 minutes at
room temperature in 50 mM KCl, 10 mM Tris, pH 7.5. The concentrations of
protein in each lane are as follows: 0 nM, 9 nM, 12 nM, 24 nM, 36 nM, 72 nM,
150 nM, 300 nM, 900 nM, and 1800 nM. (D-F) The fraction of DNA bound with
protein at di↵erent protein concentrations (solid circle). Another independent
experiment was done to demonstrate repeatability (solid triangle). The concen-
tration of protein in each lane for the second experiment are as follows: 0 nM, 24
nM, 36 nM, 60 nM, 120 nM, 180 nM, 300 nM, 600 nM, 900 nM, 1800 nM. Each
data point was taken from the total intensity value of 10 pixel x 15 pixel box
along the naked DNA lane. These data was then fitted with the Hill equation
to get a Kd value (full line for solid circle data and dotted line for solid triangle
data). The average value of Kd for MvaT, MvaT(F36S), and MvaT(R41P) are
shown in the figure legend.
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Figure 3.11: Functionally defective MvaT mutants failed to form MvaT nucleo-
protein filaments. (A) Force-extension curve of single   DNA in the presence of
various concentration of MvaT(F36S). In the range of concentration tested, the
force-decrease curve was below the naked DNA. Moreover, rapid DNA folding
was observed at forces < 1 pN. In contrast to native MvaT, the mutation results
in the loss of DNA sti↵ening. (B) Force-extension curve of single   DNA in
the presence of various concentration of MvaT(R41P). At 100 nM MvaT(R41P),
hysteresis was observed between the force-decrease and force-increase curve, in-
dicating moderate DNA folding (magenta data). At 300 nM MvaT(R41P) and
600 nM MvaT(R41P), the DNA was rapidly folded (blue & green data respec-
tively). Similar to MvaT(F36S), complete loss of DNA sti↵ening was also ob-
served with MvaT(R41P). (C-D) AFM images of  X174 DNA complexed with
300 nM MvaT(F36S) (panel C) and 300 nM MvaT(R41P) (panel D), which re-
sulted only in compact DNA structures. The surface area for the AFM images
in panel C and D are 0.7 µm x 0.7 µm.
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that both mutations cause complete loss of DNA sti↵ening. This is not
caused by insu cient protein concentration, as we have shown before that
the Kd of these mutants is comparable to the native MvaT (Fig. 3.10D-
F). In addition, higher concentration of MvaT(F36S) and MvaT(R41P)
resulted in progressive increase of DNA folding.
These observations were further confirmed in AFM imaging experiments.
DNA complexed with 300 nM MvaT(F36S) or 300 nM MvaT(R41P) only
resulted in DNA compaction (Fig. 3.11C-D). We did not find any extended
DNA bridges of nucleoprotein filaments that was previously found when
DNA was complexed with MvaT. The rigid MvaT nucleoprotein filament
that gives rise to DNA sti↵ening is completely absent, consistent with our
single-molecule stretching experiments (Fig. 3.10A-B).
The results we obtained using MvaT(F36S) and MvaT(R41P) suggest that
higher-order oligomerization of MvaT is responsible for the assembly of
MvaT nucleoprotein filaments. Importantly, the mutants used in our ex-
periments are functionally impaired in vivo [96], suggesting that nucleopro-
tein filaments formation is the mechanism responsible for the gene silencing
activity of MvaT. The implication of these findings will be elaborated fur-
ther in the Discussions section.
3.3.6 MvaT nucleoprotein filaments restrict DNA ac-
cessibility
The inability of MvaT mutants to repress gene expression in vivo further
signifies the importance of nucleoprotein filament [96]. One possible mech-
anism is the cooperative binding of MvaT on DNA forms nucleoprotein
filament that will render the DNA-protein complexes inaccessible to RNA
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Figure 3.12: DNase1 cleavage assay on naked DNA in 100 nM DNase1, 50 mM
KCl, pH 7.5. The DNA tethers was subjected to a force of ⇠ 7 pN (the force is
pointing down). Initially, about 7 15 DNA tethers were detected in the camera
after introducing bu↵er containing DNase1. An ROI of 2 x 2 pixels from the
centroid of the bead was used as the observation window for each bead. As time
progressed, DNA tethers were cut o↵, leaving the ROI and reducing the number
of tethers successively. The rate of cleavage provides meaningful data on DNA
accessibility.
polymerase, either by blocking the transcriptional start site or by block-
ing the transcriptional pathway. To test the former hypothesis, we first
performed single-molecule DNase1 cleavage assay on naked DNA to give
us meaningful information on DNA accessibility (Fig. 3.12). This method
can be used to examine the DNA accessibility of the complexes formed by
MvaT and MvaT mutants. First, the DNA tethers were incubated with
proteins for 5 minutes. Next, bu↵er solution containing DNase1 or mixture
of DNase1 and protein was introduced. The total number of detected beads
on the screen would gradually decrease due to DNase1 cutting.
As 100 nM DNase1 solution was flowed into the channel in 50 mM KCl,
pH 7.5, 23  C in the absence of any protein, all the DNA tethers were
cleaved in < 5 minutes (Fig. 3.13A, black line). In another independent
experiment, we incubated 100 nM MvaT(F36S) with DNA tethers for 5
minutes, before a mixture of 100 nM MvaT(F36S) and 100 nM DNase1 so-
lution was flowed into the channel (Fig. 3.13A, red line). We found that all
the DNA tethers were cut in < 10 minutes. Similar experiment was done
with MvaT(R41P), and all DNA tethers were also cut in < 5 minutes (Fig.
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3.13A, green line). These experiments essentially show that the binding of
MvaT(F36S) or MvaT(R41P) on DNA does not restrict DNase1 access to
DNA. Next, we repeated the experiment using native MvaT. The DNA was
incubated with 100 nM MvaT for 5 minutes to form MvaT nucleoprotein
filaments, followed by a mixture of 100 nM MvaT and 100 nM DNase1. In
contrast to MvaT(F36S) and MvaT(R41P), ⇠ 50 % of the DNA tethers
remained uncut even after 50 minutes from the time DNase1 was intro-
duced in the bu↵er (Fig. 3.13A, blue line). The DNA tethers cannot be
completely cleaved, suggesting that the formation of nucleoprotein filament
can restrict DNase1 access to DNA. Similar trend was also observed in the
presence of 2 mM MgCl2 (Fig. 3.14B).
Next, we would like to examine the cleavage by DNase1 in the absence
of free MvaT or MvaT mutants, as the presence of these protein possi-
bly interferes and inhibits DNase1 cleavage. To achieve this, the DNA
tethers were incubated with MvaT, MvaT(F36S), or MvaT(R41P) for 5
minutes, followed by bu↵er exchange to bu↵er containing 100 nM DNase1
only. After 5 minutes of incubation with 100 nM MvaT(F36S) or 100 nM
MvaT(R41P), the DNA tethers were completely cleaved in < 10 minutes
(Fig. 3.13C, red and green line respectively), showing that MvaT mutants
failed to protect DNA. On the other hand, after 5 minutes of incubation
with MvaT to form nucleoprotein filament, ⇠ 50 % of the DNA tethers
remained uncut (Fig. 3.13C, blue line). This experiment show that MvaT
forms a stable nucleoprotein filaments that can protect DNA form DNase1
cleavage, even after 50 minutes of incubation with DNase1 in the absence of
any free MvaT in solution. Similar trend was also observed in the presence
of 2 mM MgCl2 (Fig. 3.13D). The cooperativity of MvaT binding to DNA
that we found previously may explain this remarkable stability of MvaT
filaments (Fig. 3.2C). The interaction between adjacent MvaT-bound DNA
forms continuous filament and thus the dissociation of MvaT is limited to
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Figure 3.13: MvaT nucleoprotein filament formation protects DNA from DNase1
cleavage. (A) DNA tethers were cut in < 10 minutes when DNA was incubated
with mixture of 100 nM DNase1 and MvaT(F36S) (red line) or MvaT(R41P)
(green line) in 50 mM KCl. In contrast, ⇠ 50 % of DNA remained uncut 50
minutes after the mixture of MvaT/DNase1 was introduced. (B) DNase1 cleav-
age was examined in 50 mM KCl, 2 mM MgCl2 with the same method as panel
A. (C) DNA tethers were cut in < 10 minutes after 5 minutes of incubation in
bu↵er containing 100 nM MvaT(F36S) (red line) or MvaT(R41P) (green line),
followed by incubation in bu↵er containing 100 nM DNase1 only. The formation
of MvaT nucleoprotein filaments during 5 minutes incubation with 100 nMMvaT
results in DNA protection, as ⇠ 50 % of DNA remained uncut 50 minutes after
the bu↵er was changed to those containing 100 nM DNase1 only. (D) DNase1





3.4.1 The organisation modes of MvaT to DNA
In this work, we have unravelled the DNA binding properties of MvaT using
single-molecule stretching and imaging experiments, which is schematized
in Fig. 3.14. We found that MvaT can cooperatively bind to DNA and
form nucleoprotein filament that gives rise to DNA sti↵ening in our mag-
netic tweezers experiments. The formation of rigid nucleoprotein filament
has been observed before for H-NS and StpA [40, 42, 97], which function
as gene silencer in vivo. To our knowledge, this is the first report on the
existence of rigid nucleoprotein filament in organism other than the enteric
bacteria. This raises an important question on whether the nucleoprotein
filament formation is a conserved property across bacterial species.
We found that MvaT-coated DNA can interact further with naked DNA.
The kinetic competition between polymerization and interaction with naked
DNA will dictate the resulting conformation of MvaT-DNA complexes. As-
sociation with naked DNA before the polymerization process is completed
can lead to protein-coated DNA loop or uncoated DNA loop, explaining
the hairpin-like structures found in our AFM images (Fig. 3.3B). These
protein-coated DNA cannot interact with other protein-coated DNA as
shown in our experiment (Fig. 3.5A).
In addition to nucleoprotein filaments, we often found compact DNA struc-
tures in our experiments. Through this filament-DNA association, random-
coiled DNA in solution has a higher propensity to be randomly bridged.
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Figure 3.14: Schematic model of the DNA organisation mode of MvaT. The
conformations of MvaT-DNA complexes are dictated by the kinetic competition
of MvaT binding. MvaT-bound DNA in partially-coated DNA can associate
with naked DNA to form large protein-coated DNA loop or small uncoated DNA
loop. On the other hand, fully-coated DNA cannot interact with each other once
the population of naked DNA is depleted. All these structures can be further
condensed to form large compact MvaT nucleoprotein structures. We proposed
that this compaction is mediated by excess MvaT protein through additional
low-a nity oligomerization domain that can promote interfilament association.
This mechanism can explain the small compact structures found at 30 nM
and 300 nM MvaT in our AFM imaging experiments (Fig. 3.3). How-
ever, the conformations formed at 3 µM MvaT were dominated by larger
compact structures, which demand mechanism other than filament-DNA
association. We propose that MvaT may have an additional low-a nity
oligomerization domain that can promote higher-order interfilament as-
sociation. DNA compaction will be promoted as MvaT concentration is
increased, which is supported by our results (Fig. 3.3F). It is important
to note that nucleoprotein filament and DNA folding are not mutually ex-
clusive events. We have shown using single-molecule stretching experiment
that the formation of nucleoprotein filament can precede DNA folding or
compaction (Fig. 3.1A, blue curve).
In this work, we show that MvaT can bind cooperatively to form rigid
nucleoprotein filaments. Furthermore, we show that MvaT(F36S) and
MvaT(R41P) cannot sti↵en DNA in single-molecule stretching experiments
and cannot form extended nucleoprotein filaments in our imaging experi-
ments. MvaT has two oligomerization domains at its N-terminus and point
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mutation at this region impairs the oligomerization capability of MvaT.
Therefore, the MvaT mutants can only form dimers in solution [96]. Our
results demonstrate that higher-order oligomerization of MvaT is neces-
sary for the formation of nucleoprotein filaments. Although we also show
that MvaT dimers can only fold DNA, our results does not rule out that
higher-order oligomers of MvaT can promote DNA folding in addition to
nucleoprotein filament formation.
3.4.2 Implications of MvaT nucleoprotein filament for-
mation on gene silencing
NAPs may perform their in vivo function directly through their DNA bind-
ing activity. For example, DNA bridging by H-NS and the formation of
H-NS nucleoprotein filament have been proposed to be the mechanism re-
sponsible for gene silencing [40, 42, 64]. We have shown that MvaT can
form nucleoprotein filaments similar to that of H-NS, while MvaT(F36S)
and MvaT(R41P) cannot form such filaments. Importantly, these MvaT
mutants have been shown to be functionally impaired in their gene silencing
activity for cupA gene in vivo [96]. Therefore, this work provides a vital
link between nucleoprotein filaments formation and gene silencing. The
inability of MvaT(F36S) and MvaT(R41P) in repressing the expression of
cupA gene in vivo may be directly related to the absence of nucleoprotein
filaments. Accordingly, our work suggest that the formation of nucleopro-
tein filament is the mechanism responsible for achieving gene silencing. In
support to this, SsrB, an anti-silencing protein that can relieve genes re-
pressed by H-NS, is shown to compete e↵ectively with H-NS only when
H-NS binds to DNA in sti↵ening mode, showing that H-NS nucleoprotein
filament is more relevant to H-NS silencing activity [82]. Taking all these
3.4 Discussions 62
together provide us with a compelling argument that nucleoprotein fila-
ment is the basis for gene silencing.
The rigid nucleoprotein filaments can serve as the basis for gene silencing
by the following mechanisms: (i) polymerization of protein on DNA that
forms continuous filamentous structures can prevent RNA polymerase from
accessing the promoter site or (ii) the filaments can block the transloca-
tion of RNA polymerase. The former is supported by our single-molecule
DNase1 cleavage assay, which show that MvaT filaments can block DNA
accessibility (Fig. 3.13). This protection is not due to the competition
between MvaT and DNase1, as we have also shown that MvaT nucleopro-
tein filaments can protect DNA in the absence of surrounding protein (Fig.
3.13C,D). Only six to ten base pairs are required for DNase1 to initiate con-
tact with DNA [102,103] while RNA polymerase requires about forty base
pairs in order to initiate transcription on DNA [104]. Hence, the formation
of nucleoprotein filaments by MvaT may e↵ectively block RNA polymerase
access to DNA, thus repressing the corresponding genes. On the other
hand, MvaT mutants cannot form such gene-silencing nucleoprotein fila-
ments and therefore they are unlikely to prevent transcription initiation by
RNA polymerase. This may explain why MvaT mutants failed to repress
the cupA gene expression in mvaT mutant strain [96].
The mutants used in our experiments can only organise DNA into compact
structures. Since MvaT mutants failed to repress the cupA gene in vivo,
our finding demonstrates that DNA folding alone is not a su cient mecha-
nism to explain the gene silencing capability of MvaT. Nevertheless, DNA
folding mechanism of MvaT mutants may not necessarily be the same as
the folding mechanism of native MvaT. It is important to note that our
study does not rule out the possibility that DNA folding, which can be
achieved by bridging, may contribute to the silencing of genes other than
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cupA.
To our knowledge, this is the first observation of the existence of nucleo-
protein filaments by H-NS-like protein in organism other than the enteric
bacteria. Recently, the formation of nucleoprotein filament has also been
found in the gram-positive bacteria Mycobacterium tuberculosis [105]. This
raises an important question whether the mechanism of gene silencing by
the formation of rigid nucleoprotein filaments is a conserved feature among
bacteria.
3.4.3 Implications of MvaT-induced DNA folding on
chromosomal DNA packaging
In this work, we also show MvaT can organise DNA into compact DNA
structures. This DNA compaction can be achieved when MvaT-bound
DNA associate with naked DNA to form DNA bridges or small compact
structures. In addition, higher MvaT concentration can induce interfila-
ment association to form larger compact structures. The compaction of
DNA observed at large concentration has also been observed before by
Dame et al [85]. We found that this MvaT-induced DNA folding can be
modulated by changes in environmental factors, such as KCl concentration,
pH, MgCl2 concentration, and temperature.
The ability of MvaT to e↵ectively fold DNA into compact structures sup-
ports the idea that MvaT may also play a role in chromosomal DNA packag-
ing, in addition to its role as gene silencer. In our single-molecule stretching
experiments, we show that DNA sti↵ening can occur before DNA folding
(Fig. 3.1A, blue curve). In our single-molecule imaging experiments, MvaT
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nucleoprotein filaments can be further compacted through interfilament as-
sociation at higher protein concentration. These suggests that MvaT can
achieve its gene silencing function and DNA packaging role simultaneously.
Chapter4
Single-molecule study on Histone-like
Nucleoid-structuring Protein (H-NS)
Paralogue in Pseudomonas
aeruginosa : MvaU Bears DNA
Organisation Mode Similarities to
MvaT
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H-NS is an abundant nucleoid-associated protein in enteric bacteria, which
plays an important role mainly in regulating gene transcription, silenc-
ing laterally acquired genes, packaging the bacterial nucleoid, and many
others [1, 47, 56, 100, 107]. The N-terminal region of H-NS formed coiled-
coil structure that functions as its oligomerization domain, whereas the C-
terminal region is responsible for DNA binding [51, 78–80]. In Escherichia
coli, H-NS can associate with a related protein called StpA, which shares
58 % amino acid identity with H-NS, and they can form heteromeric com-
plexes through their N-terminal oligomerization domain [1]. StpA is an
H-NS paralogue that can functionally substitute H-NS, has its own unique
features, and may have distinct function from that of H-NS [108–111].
H-NS paralogues also exist in other species of bacteria, some of which has
been found able to functionally substitute H-NS by complementing E. coli
H-NS-deficient mutant in vivo, despite their lack of sequence similarity and
identity to E. coli H-NS [50, 53, 84]. In Pseudomonas, MvaT and MvaU
have been identified as the paralogue of H-NS that share structural and
functional similarity to H-NS (see Fig. 4.1 for the sequence alignment
and predicted structural elements of MvaT and MvaU). Transcriptional
profiling using DNA microarrays revealed that MvaT from Pseudomonas
aeruginosa regulates the expression of > 150 genes [88, 91]. Moreover,
MvaU has been shown to function coordinately with MvaT, occupying the
same regions of the chromosome and coregulating the expression of ⇠ 350
genes [87]. The deletion of either MvaT or MvaU leads to the increase
in production of the other, indicating cross-regulation of the two proteins
and that they can functionally compensate each other [92]. In addition,
MvaT and MvaU show binding preference to AT-rich regions of the chro-
mosome, suggesting that these proteins are involved in xenogeneic DNA
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Figure 4.1: Sequence alignment and predicted secondary structure of MvaT and
MvaU. A. The sequence alignment was done with ClustalW2 [112,113], with 46
% pairwise identity. An * (asterisk) indicates positions which have a single, fully
conserved residue, a : (colon) indicates conservation between groups of strongly
similar properties, and a . (period) indicates conservation between groups of
weakly similar properties. B. The secondary structures were predicted using
a consensus prediction method [114]. Blue vertical bars represent ↵-helix, red
vertical bars represent extended strand, purple vertical bars represent random
coil, and gray vertical bars represent ambiguous states.
silencing [87].
MvaT and MvaU are structurally similar to H-NS. The DNA binding do-
main located in the C-terminus of MvaT and MvaU is more conserved
compared to H-NS, while their multimerization domain located in the N-
terminus is more divergent [50]. It has been suggested that MvaT and
MvaU are the functional counterparts of H-NS and StpA, as they have
reciprocal regulatory interaction and form heteromeric complexes through
their oligomerization domain in the N-terminus [92]. The majority of MvaU
in cell may be associated with MvaT as heteromeric complexes due to its
low copy number compared to MvaT [92].
The molecular mechanism of how nucleoid-associated proteins organise
DNA may be related to how they perform their in vivo function. For exam-
ple, the mechanism of gene silencing by H-NS and its anti-silencing activity
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are largely explained based on its DNA organisation modes [40,64,115,116].
For example, our recent study revealed that MvaT can form rigid nucleo-
protein filaments on double-stranded DNA, and form compact DNA struc-
tures at higher protein concentration [77]. The formation of nucleoprotein
filament can protect DNA from DNase1 cleavage, which supports the rel-
evance of nucleoprotein filament to gene silencing function. More directly,
functionally defective MvaT mutants are found incapable of forming nucle-
oprotein filaments, suggesting that the formation of nucleoprotein filament
is essential for MvaT to perform its gene silencing function.
In spite of its importance as the paralogue of MvaT in Pseudomonas genus,
the binding property of MvaU to DNA is much less understood. Although
MvaT and MvaU show some degree of functional redundancy, it does not
necessarily mean that they have the same DNA binding properties. For
instance, StpA, the paralogue of H-NS in E. coli, can bridge DNA un-
der unsaturated binding and the nucleoprotein filament formed by StpA
is insensitive to KCl concentration, temperature, and pH, which are very
di↵erent from H-NS [97]. This raises the question on the organisation mode
of MvaU to DNA, which may be relevant to how MvaU performs its in vivo
function as the paralogue and binding partner of MvaT. In this work, we
elucidate the binding properties of MvaU to DNA and the conformations of
MvaU-DNA complexes, which may shed light to understanding its in vivo
role and function.
4.2 Materials & Methods
Proteins
Plasmid pET24-MvaU-His6 were transformed to E. coli strain BL21 (DE3).
Transformed cells were grown at 37  C in LB medium with 50 µg/mL
kanamycin. At OD600 of 0.6, the cells were induced with 1 mM IPTG for 4
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hours at 37  C. The cells were harvested and resuspended in cell lytic so-
lution for 2 hours on ice and centrifuged for 30 minutes at 10000 r.p.m. to
collect the supernatant. 6xHis-tagged MvaU was purified by gravity-flow
chromatography method. Nickel-charged resin (Ni-NTA Agarose, Qiagen,
Singapore) was added to the extracted supernatant and incubated for 2
hours on ice, before loaded on the purification column. The pelleted resin
was washed several times with 50 mM KPi, pH 8.0, 1 M NaCl, 25 mM
Imidazole, before eluted with 50 mM KPi, pH 8.0, 500 mM NaCl, 250 mM
Imidazole. The purity and identity of protein was verified with SDS-PAGE
gel and mass spectrometry, and the concentration was measured using Nan-
odrop ND1000 (Wilmington, USA), with an extinction coe cient of 15,470
M 1cm 1. Glycerol was added to the stock protein (40 50 %) and stored
at -20  C.
AFM Imaging
0.2 ng/µL of linearized  X174 were incubated with various amount of MvaU
for 1 minute before deposition on the glutaraldehyde-functioned mica for 15
minutes. The mica containing DNA or protein-DNA complexes was gently
rinsed with deionized water and dried with nitrogen gas.
Transverse Magnetic Tweezers
 DNA labelled with biotin on both ends were stretched between streptavidin-
coated cover slip edge and streptavidin-coated paramagnetic bead. The
position of the magnet was adjusted to control the amount of force applied
on the DNA and the extension of DNA at each force value was recorded in
real time using LabVIEW software.
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4.3 Results
4.3.1 MvaU can sti↵en and fold DNA in single molecule
stretching experiments
To determine how MvaU interacts with DNA, we performed single-molecule
stretching experiments using magnetic tweezers. The DNA was initially
held at ⇠ 10 pN, and the force was successively reduced to several lower
forces down to ⇠ 0.1 pN (force-decrease curve). Next, the force was in-
creased back through the same set of force (force-increase curve). The
DNA was held for 30 seconds at each force and the extension of DNA at a
certain force was obtained from the average values of the last 15 seconds.
Solid lines were drawn connecting the data points to guide the eye.
First, we examined the elastic responses of MvaU-DNA complexes in 50
mM KCl, pH 7.5, at 23  C. The force-decrease and force-increase curves
of the naked DNA overlap each other as expected for stretched molecule
in equilibrium state (Fig. 4.2, black data). In the presence of 100 nM
MvaU, the DNA is sti↵ened, indicated by the higher extension compared
to naked DNA at the same force (Fig. 4.2, magenta data). As MvaU con-
centration in solution was increased to 300 nM, the force-decrease curve
shows a similar level of sti↵ening compared to 100 nM MvaU, indicating
saturation of the sti↵ening e↵ect (Fig. 4.2, green data). The force-increase
curve, however, does not overlap the force-decrease curve and lies below
the naked DNA curve. The non-overlapping curves or hysteresis indicates
non-equilibrium condition of the protein-DNA complexes. In addition, the
lower extensions of the force-increase curves as compared to naked DNA
indicate protein-induced DNA folding that results in the observed hystere-
sis. Further increase of MvaU concentration to 600 nM results in similar
level of DNA sti↵ening at forces > 0.8 pN (Fig. 4.2, blue data). At forces
at < 0.2 pN, the DNA extension drops below the naked DNA extension
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Figure 4.2: Single-molecule stretching experiments on MvaU-DNA complexes.
(A) In the presence of MvaU, the DNA was sti↵ened as indicated by higher
extension compared to naked DNA at the same force. Along with DNA sti↵ening,
increase in DNA folding at higher concentration was also observed, indicated by
either hysteresis or rapid DNA folding. The DNA folding at 600 nM MvaU
occurred rapidly at higher force, and the force-increase scan was not recorded
to prevent the DNA extension from dropping below the minimal measurable
extension. (B) The time-course data of the stretching experiment in panel A,
showing the dynamics of force-decrease that leads to progressive DNA folding,
followed by force-increase that gradually unfold the MvaU-DNA complexes.
due to rapid DNA folding. The data < 0.2 pN and the force-increase curve
were not recorded to prevent the DNA from being folded below the min-
imum extension that can be recorded by our instrument (⇠ 2 µm). The
occurrence of DNA sti↵ening at higher force prior to DNA folding at lower
force in the presence of 600 nM MvaU suggests that the DNA organisation
mode of MvaU can be regulated by force.
In another independent experiment, the dynamics of MvaU-induced DNA
folding and unfolding process in the presence of 600 nM MvaU were in-
vestigated (Fig. 4.2B). DNA folding started at 0.51 pN and the extension
dropped further at lower forces to ⇠ 6 µm. To stop the rapid DNA fold-
ing, the force was increased to 1.1 pN. Force up to 15 pN is required to
completely unfold MvaU-DNA complexes and recover its initial extension.
Since DNA folding and unfolding are stochastic in nature, the folding and
unfolding force may vary across experiments.
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4.3.2 MvaU organises DNA into higher-order rod-
like structures and compact DNA structures
The results of single-molecule stretching experiments provide us with the
information on the impact of protein binding on DNA elasticity. To com-
plement these results, we performed AFM imaging experiments to study
the conformations formed by MvaU-DNA complexes at various protein con-
centrations. 0.2 ng/µL of  X174 DNA was complexed with various con-
centration of MvaU in 50 mM KCl, pH 7.5 to form MvaU-DNA complexes.
First, we complexed the DNA with 30 nM MvaU (corresponding to 1 MvaU
monomer for every 10 bp). The majority of the conformations are DNA
bridges, which we define as two DNA segments bridged by a track of pro-
teins, either within the same DNA molecule through DNA looping or from
di↵erent DNA molecule (Fig. 4.3B). Blue arrows indicate uncoated DNA
loop that is formed at the end of the DNA bridges. Some of these MvaU-
DNA complexes are also associated together to form larger complexes.
Next, we increased MvaU concentration to 300 nM (corresponding to 1
MvaU monomer for every bp), resulting in higher-order rod-like structures
and compact structures (Fig. 4.3C). Orange arrows indicate large protein-
coated loops at the end of the rod-like structures, suggesting that MvaU can
further associate MvaU-coated DNA to form higher-order rod-like struc-
tures along the stem direction. As we increased MvaU concentration to
3 µM (corresponding to 10 MvaU monomer for every bp), we only found
large compact protein-DNA complexes (Fig. 4.3D). Increasing size and oc-
currence of large compact structures were observed as MvaU concentration
was increased, suggesting that the compact structures are mediated by free
MvaU in solution. This mechanism is similar to MvaT, which can asso-
ciate nearby DNA complexes to form larger compact structures [77]. Line
profiles of the various structures were plotted in Fig. 4.3E-H, which show
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Figure 4.3: The conformations of MvaU-DNA complexes at various protein con-
centrations in AFM imaging experiments. (A)  X174 DNA adopts random coiled
structure in the absence of protein. (B)  X174 DNA was complexed with 30 nM
MvaU (corresponding to 1 MvaU monomer for every 10 bp), resulting in DNA
bridges. Blue arrows indicate small uncoated DNA loop at the end of the DNA
bridges. (C)  X174 DNA was complexed with 300 nM MvaU (corresponding
to 1 MvaU monomer for every bp), resulting in the formation of higher-order
rod-like structures and compact nucleoprotein structures. These rod-like struc-
tures can be further bridged or compacted to form larger structure, as shown
by the orange arrows. (D)  X174 DNA was complexed with 3 µM MvaU (cor-
responding to 10 MvaU monomer for every bp). Higher stoichiometry of MvaU
to DNA leads to higher-order DNA organisation that forms large and compact
rod-like nucleoprotein complexes. (E-H) Line profiles of the loop end structures
as indicated by the magenta and green line in panel A-D. The surface area for
all the images are 0.7 µm x 0.7 µm.
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increasing size of the nucleoprotein complexes due to higher-order folding
by MvaU.
In general, our AFM data agrees with the results of our magnetic tweez-
ers experiments. At unsaturated MvaU concentration,  X174 DNA in the
presence of 30 nM MvaU forms DNA bridges, suggesting that MvaU-bound
DNA can associate with other naked DNA portion. Higher concentration
of MvaU leads to higher-order DNA compaction, as observed by both AFM
and magnetic tweezers experiments. The observation of DNA sti↵ening in
our single-molecule stretching experiments corresponds to extended DNA
conformations. These extended structures are minor in proportion com-
pared to the compact nucleoprotein structures in our imaging experiments,
which are likely caused by the extensive DNA folding of the rod-like struc-
tures to form higher-order compact structures.
4.3.3 Variation in environmental factors can modu-
late MvaU-induced DNA folding
Environmental factors, such as KCl concentration, pH, temperature, and
MgCl2 concentration have been found to a↵ect the organisation modes of
nucleoid-associated proteins to DNA. For example, variation in these fac-
tors have been found to alter the bending sti↵ness of H-NS nucleoprotein
filaments, while having no significant e↵ect on the sti↵ness of StpA or MvaT
nucleoprotein filaments [42, 77, 97]. On the other hand, variation in these
factors have also been found to moderately modulate the folding strength
of MvaT-induced DNA folding and StpA-induced DNA bridging, while no
apparent e↵ect is observed for H-NS-induced DNA bridging [42,77,97]. The
responses of MvaU-DNA complexes to environmental cues may be impor-
tant to its in vivo functions. Thus, we would like to examine the e↵ect of
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Figure 4.4: The e↵ect of variation in KCl concentration, pH, temperature, and
MgCl2 concentration on MvaU-DNA complexes. The concentration of MvaU was
fixed at 300 nM MvaU at all the conditions tested. (A) Lower KCl concentration
results in larger hysteresis or rapid DNA folding. The apparent DNA sti↵ening
is largely una↵ected in 50 200 mM KCl. (B) Lower pH value results in larger
hysteresis or rapid DNA folding, while the level of DNA sti↵ening is largely
una↵ected in the pH range tested. (C) Increase in temperature leads to larger
hysteresis or rapid DNA folding, while the level of DNA sti↵ening is largely
una↵ected in the temperature range tested. (D) In the presence of MgCl2, DNA
folding is promoted as indicated by increasing amount of hysteresis as the MgCl2
concentration was increased. The level of DNA sti↵ening is largely una↵ected
by variation in MgCl2 concentration.
KCl concentration, pH, temperature, and MgCl2 concentration on MvaU-
DNA complex.
To study the e↵ect of variation in environmental factors to MvaU-DNA
complex, we fixed the concentration of MvaU to 300 nM while varying
KCl concentration, pH, temperature, or MgCl2 concentration. Using the
force-scanning procedure, we are able to gain rich insights on the impact
of these environmental factors to MvaU-induced DNA sti↵ening and DNA
folding. We varied the KCl concentration from 200 mM KCl to 5 mM KCl
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Figure 4.5: The conformations of MvaU-DNA complexes in 200 mM KCl. (A-D)
 X174 DNA was complexed with 300 nM MvaU in 200 mM KCl, resulting in a
mixture of extended MvaU nucleoprotein filaments and condensed MvaU-DNA
structures. Higher monovalent salt concentration leads to largely similar confor-
mations with slightly less DNA condensation compared to the conformations of
MvaU-DNA complexes formed in 50 mM KCl.
(Fig. 4.4A). At 200 mM KCl, MvaU sti↵ens the DNA with slight hysteresis
between the force-decrease and force-increase curves (Fig. 4.4A, magenta
data). Maintaining the same MvaU concentration, we reduced the KCl
concentration to 100 mM, resulting in similar level of DNA sti↵ening and
hysteresis (Fig. 4.4A, green data). At 50 mM KCl, we found similar level
of DNA sti↵ening, but moderate DNA folding is observed as indicated by
the significantly increased hysteresis (Fig. 4.4A, blue data). As the KCl
concentration was further reduced to 5 mM KCl, rapid DNA folding oc-
curred at force < 2 pN (Fig. 4.4A, orange data).
We also performed AFM imaging experiments at 200 mM KCl (Fig. 4.5).
0.2 ng/µL of  X174 DNA was incubated with 300 nM MvaU (correspond-
ing to 1 MvaU monomer for every bp) for 15 minutes in 200 mM KCl, pH
7.5. The resulting conformations are largely similar with slightly less DNA
condensation compared to the conformations formed at the same MvaU
concentration in 50 mM KCl (Fig. 4.3E-H). Large condensed structures
were found along with nucleoprotein filaments. To summarize, we found
that reducing KCl concentration results in no significant e↵ect on DNA
sti↵ening, while MvaU-induced DNA folding is promoted.
Next, we examined the e↵ect of variation in pH to MvaU-DNA complexes.
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We varied the pH value from 9.5 to 6.5 and probed the impact to the force-
extension curves (Fig. 4.4B). We found that DNA sti↵ening is largely
una↵ected by variation in pH value, while DNA folding is promoted at
lower pH value. We also studied the e↵ect of temperature to MvaU-DNA
complexes. To do so, we varied the temperature from 23  C to 37  C (Fig.
4.4C). We found that DNA sti↵ening is largely una↵ected in the temper-
ature range tested, while DNA folding is promoted at higher temperature
as rapid DNA folding occurred at 37  C.
Apart from variation in KCl concentration, pH, and temperature, nucleoid-
associated protein has also been known to alter their organisation modes
in the presence of magnesium. For example, H-NS forms nucleoprotein fil-
aments on DNA in 50 mM KCl, < 2 mM MgCl2, while H-NS-induced DNA
bridging dominates in 50 mM KCl, > 2 mM MgCl2 [42]. Magnesium can
also promote higher-order DNA condensation of rigid StpA nucleoprotein
filaments [97]. In Pseudomonas aeruginosa, MvaT can cause DNA folding
even in the absence of MgCl2, but the presence of MgCl2 is found able to fur-
ther promote DNA folding [77]. Hence, we would like to examine whether
MgCl2 can also promote DNA folding for MvaU-DNA complexes. We var-
ied the concentration of MgCl2 from 0 mM to 5 mM (Fig. 4.4D). We found
that MvaU nucleoprotein filament sti↵ness is largely una↵ected, while in-
creasing amount of hysteresis is observed as the MgCl2 was increased. The
level of hysteresis corresponds to DNA folding, thus the presence of MgCl2
can promote MvaU-induced DNA folding.
Taken together, our results show that MvaU nucleoprotein filament sti↵-
ness is largely insensitive to variation in KCl concentration, pH, tempera-
ture, and MgCl2 concentration over physiologically relevant range. MvaU-
induced DNA folding, however, is moderately regulated by these environ-
mental factors.
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4.3.4 MvaU nucleoprotein filaments can protect DNA
from DNase1 cleavage
Similar to MvaT, MvaU can repress phase-variable expression of cupA gene
cluster in vivo, and it is found able to complement one phenotypes of mvaT
mutant [92]. It is likely that both MvaT and MvaU function coordinately
as repressor through their DNA binding activities [87]. Recently, the for-
mation of rigid nucleoprotein filaments by StpA in E. coli and by Lsr2
in Gram-positive bacteria Mycobacterium tuberculosis has been found able
to restrict DNA accessibility [97, 105]. Hence, the filament formation is
proposed as the mechanism responsible for their function as gene silencer.
In the previous study, MvaT has also been found able to restrict access
to DNA (Fig. 3.12). Thus, we would like to examine whether MvaU, the
paralogue of MvaT, can also block DNA accessibility.
We performed single-molecule DNase1 cleavage assay to study the DNA ac-
cessibility to cleavage by DNase1. Multiple DNA tethers were stretched in
the focal plane and DNase1 was then introduced in the solution. DNA teth-
ers were progressively cleaved, indicated by loss in detected DNA tethers.
The rate of DNA cleavage can give us valuable information on DNA acces-
sibility. In 50 mM KCl, pH 7.5, at 23  C, multiple tethers of   DNA were
completely cleaved in the presence of 100 nM DNase1 after < 5 minutes
of incubation (Fig. 4.6A, black line). In another independent experiment,
tethers of   DNA were precoated in 100 nM MvaU for 5 minutes, before a
solution containing a mixture of 100 nM DNase1 and 100 nM MvaU was
introduced. The formation of MvaU nucleoprotein filaments protects DNA
and significantly reduces the rate of cleavage, as ⇠ 70 % of DNA tethers
were still uncut after ⇠ 50 minutes incubation in the presence of DNase1
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Figure 4.6: The formation of MvaU nucleoprotein filament e↵ectively blocks
DNase1 access to DNA. (A) Multiple tethers of   DNA were completely cleaved
in the presence of 100 nM DNase1 after < 5 minutes of incubation (black line).
In contrast, ⇠ 70 % of DNA tethers remained uncut 50 minutes after the mix-
ture of MvaU/DNase1 was introduced (red line). (B) In another independent
experiment, tethers of DNA were completely cleaved in the presence of 100 nM
DNase1 after < 5 minutes of incubation (black line). The formation of MvaU
nucleoprotein filaments during 5 minutes incubation with 100 nM MvaU results
in DNA protection, as ⇠ 70 % of DNA tethers remained uncut 50 minutes after
the bu↵er was changed to those containing 100 nM DNase1 only.
(Fig. 4.6A, red line). Here we show that the formation of MvaU nucle-
oprotein filament and/or the presence of 100 nM MvaU in solution can
significantly reduce the rate of cleavage by DNase1.
The DNA protection can be explained either by continuous MvaU-DNA
filaments or by competitive binding between MvaU and DNase1 in solu-
tion. We speculate that the protection from DNase1 cleavage comes from
the formation of nucleoprotein filaments. To eliminate the possibility of
competitive binding, we first precoated the DNA tethers in 100 nM MvaU
for 5 minutes to form MvaU nucleoprotein filaments. 100 nM DNase1 was
then introduced without any MvaU proteins in solution. In the absence of
surrounding MvaU proteins, we found that ⇠ 70 % of DNA tethers were
still intact for ⇠ 1 hour after solution containing only 100 nM DNase1 was
inserted (Fig. 4.6B, red line). This data suggests that the protection from
cleavage comes from the formation of stable MvaU nucleoprotein filament,
which does not dissociate from DNA even after ⇠ 1 hour in the absence of
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free MvaU protein in solution.
4.3.5 Mixture of MvaT and MvaU sti↵en and fold
DNA in single-molecule stretching experiments
Bacterial two-hybrid system indicates that MvaT and MvaU can form het-
eromeric complexes, mediated through their oligomerization domain in the
N-terminus [92]. MvaT in Pseudomonas mevalonii is also described as
heteromeric transcriptional activator that consists of two subunits, one of
which is later identified to be similar to MvaT from Pseudomonas aerug-
inosa [83, 91]. It is also speculated that the majority of MvaU in cell will
be associated with MvaT as heteromers. Although both MvaT and MvaU
exhibit similar DNA binding properties, it is important to examine whether
the mixture of both proteins, which may form heteromeric complexes, have
distinct organisation modes from their constituents.
First, we complexed MvaT and MvaU in a test tube with ⇠ 10 µM con-
centration for each protein at room temperature for 4 hours to allow the
two proteins to associate together and form the equilibrium distribution of
homomeric and heteromeric complexes. This mixture of protein was then
stored in -20  C for further use.
Force-scanning procedure was performed on single   DNA to study the
e↵ect of MvaT-MvaU mixture upon DNA binding at various MvaT-MvaU
mixture concentration in 50 mM KCl, pH 7.5, at 23  C (Fig. 4.7A). In the
presence of 100 nM MvaT-MvaU mixture, apparent DNA sti↵ening with
slight hysteresis is observed (Fig. 4.7A, magenta data). In bu↵er solu-
tion containing 300 nM MvaT-MvaU mixture, simultaneous sti↵ening and
folding is achieved (Fig. 4.7A, green data). The DNA is further sti↵ened
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Figure 4.7: Single-molecule stretching experiments on the nucleoprotein com-
plexes formed in the presence of MvaT and MvaU mixture. Before the experi-
ment, the mixture of MvaT and MvaU was incubated for 4 hours in room temper-
ature to equilibrate the homomeric and heteromeric oligomers. (A) Increasing
concentration of MvaT-MvaU mixture leads to DNA sti↵ening, accompanied by
increasing amount of DNA folding as indicated by hysteresis or rapid DNA fold-
ing. (B) The time-course data of the stretching experiment in panel A, showing
the dynamics of force-decrease that leads to progressive DNA folding, followed
by force-increase that gradually unfold the protein-DNA complexes.
compared to 100 nM mixture, while the force-increase curve lies below the
naked DNA, indicating DNA folding. Further increase of the MvaT-MvaU
mixture concentration to 600 nM results in similar level of DNA sti↵ening
at forces > 0.4 pN, while DNA folding occurred rapidly at forces < 0.4 pN
(Fig. 4.7A, blue data). The force-increase scan was not recorded to prevent
the DNA from being folded below our minimum measurable extension of ⇠
3 µm. The corresponding time-course data from the same experiment was
plotted in Fig. 4.7B, showing the progressive DNA folding at < 0.33 pN
that reduces the DNA extension to ⇠ 4 µm. The force was then increased
to 0.9 pN to completely unfold or recover the initial extension of the nu-
cleoprotein complexes formed in the presence of MvaT-MvaU mixture.
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4.4 Discussions
4.4.1 The organisation mode of MvaU to DNA
In this chapter, we have elucidated the organisation modes of MvaU to
DNA using magnetic tweezers and AFM imaging experiments. Our mag-
netic tweezers experiments revealed that MvaU can sti↵en DNA and cause
DNA folding at higher MvaU concentration. These results are comple-
mented with the conformations obtained from AFM experiments, where
DNA bridges, higher-order rod-like structures, and compact DNA struc-
tures were often found. The formation of rigid MvaU nucleoprotein filament
concur with interaction between adjacent proteins, local DNA sti↵ening by
each binding unit, or combination of both. All these can give rise to DNA
sti↵ening as found in our stretching experiments. In addition, the DNA
folding found in our stretching experiments agrees with the compact DNA
structures found in the imaging experiments. Importantly, we also found
that these two mechanisms are not contradicting to each other, as DNA
sti↵ening can occur before DNA folding (Fig. 4.2A, blue data). In sup-
port to this, our imaging experiments show that large MvaU nucleoprotein
filaments can be further folded into more compact structures (Fig. 4.3E,F).
The formation of DNA bridges at protein to DNA ratio of 1 MvaU monomer
to 10 bp suggests that MvaU can bridge two segments of uncoated DNA
molecules (Fig. 4.3A-D). In addition, two or more protein-coated DNA
molecules can also be further organised into higher-order rod-like struc-
tures or compact nucleoprotein structures (Fig. 4.3E-H). We speculate
that the formation of compact structures at higher MvaU concentration is
likely caused by free MvaU in solution, similar to our previous finding for
MvaT-DNA complexes [77]. MvaU is structurally similar to MvaT, and
it is possible that MvaU also has an additional oligomerization domain
that allows additional MvaU protein to mediate higher-order compaction
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of MvaU nucleoprotein filaments.
4.4.2 The implication of MvaU binding on its func-
tional role
MvaU has been reported to serve as transcriptional silencer for some genes,
such as those responsible for prophage activation, pyocyanin synthesis, fim-
brial cupA gene expression, formation of lectin and other exoproducts, and
many others [86, 91]. Previously, the formation of nucleoprotein filament
has been reported for H-NS, StpA, MvaT, Lsr2, all of which function as
gene repressors [42,77,97,105]. Therefore, it has been proposed that nucle-
oprotein filaments may serve as the basis for gene silencing, and possibly
a general gene silencing mechanism across prokaryotes [77, 115]. In this
work, we found that MvaU, which can perform some of MvaT’s regula-
tory functions, can also form rigid nucleoprotein filaments. We also found
that the formation of stable and rigid MvaU nucleoprotein filament can
restrict DNA accessibility to DNase1 cleavage, suggesting that the infor-
mation contained in the DNA is deemed inaccessible to transcription by
RNA polymerase, hence gene silencing is achieved.
We also found that MvaU can mediate higher-order DNA compaction at
higher protein concentration. The level of DNA folding can be a↵ected
by multiple environmental factors, such as KCl concentration, pH, tem-
perature, and MgCl2 concentration over physiologically relevant range. To
our knowledge, the potential role of MvaU in chromosomal DNA packag-
ing has not been reported previously. Our finding suggests that MvaU can
e↵ectively condense DNA, and therefore MvaU may play a critical role in
packaging the bacterial chromosome.
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4.4.3 Comparison between MvaT’s and MvaU’s DNA
organisation mode and their roles in vivo
In Pseudomonas aeruginosa, MvaU is a transcriptional regulator that shares
47 % identity and 65 % similarity with MvaT [92]. The similarity of MvaT
and MvaU is also found in their organisation mode to DNA. Both MvaT
and MvaU can form rigid nucleoprotein filaments that can e↵ectively block
access to DNA. Furthermore, they can mediate higher-order compaction
at higher protein concentration. MvaT and MvaU nucleoprotein filaments
are generally insensitive to variation in KCl concentration, MgCl2 con-
centration, pH, and temperature, while their DNA folding is moderately
modulated by these factors over physiological ranges [77].
The similarities in the DNA organisation mode of MvaT and MvaU may
correspond to their predicted functional redundancy in vivo. MvaT and
MvaU have nearly complete binding profiles overlap in the bacterial genome,
showing that they control the expression of largely the same set of genes
[87]. The loss of gene encoding MvaT or MvaU leads to the increase in
the production of the other, showing the reciprocity and cross-regulation
of these two proteins [92]. The loss of both proteins, however, will have
a profound e↵ect on the cell [86, 87, 117]. Based on our previous work on
MvaT and our new findings on MvaU, we conclude that these two proteins
bind to DNA in a similar manner, corresponding to their in vivo reciprocity.
Both proteins form gene-silencing nucleoprotein filaments to regulate gene
transcription, and are possibly involved in chromosomal DNA packaging.
The existence of multiple H-NS paralogue in the same microorganism of
Pseudomonas genus may be advantageous for maintaining a functional gene
regulatory system, and may be more than simply a backup system [87,107].
Similar to H-NS and StpA, MvaT and MvaU can also form homomeric
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and heteromeric complexes through their N-terminal regions [1,48,92]. As
MvaT is much more abundant compared to MvaU, it is speculated that the
majority of MvaU will associate with MvaT as heteromers in cell [92]. In
this work, we complexed MvaT and MvaU for 4 hours in room temperature
to promote the formation of heteromeric complexes. Although the forma-
tion of heteromeric complexes cannot be confirmed in our single-molecule
experiments, we found that the protein mixture exhibits similar DNA bind-
ing properties to either MvaT or MvaU homomers. The presence of second
or more H-NS paralogue that can form heteromeric complexes with other
H-NS paralogue remains a question to be further explored.
Chapter5
Ler can antagonize H-NS
nucleoprotein filaments through
non-cooperative DNA binding
”This research was originally published in The Journal of Biological Chem-
istry [116]. Ricksen Surya Winardhi, Ranjit Gulvady, Jay L. Mellies and Jie
Yan. Locus of Enterocyte E↵acement-encoded Regulator (Ler) of Pathogenic
Escherichia coli Competes O↵ Histone-like Nucleoid-structuring Protein
(H-NS) through Noncooperative DNA Binding. The Journal of Biological
Chemistry. 2014; 289:13739-13750. c  the American Society for Biochem-
istry and Molecular Biology.”
5.1 Introduction
Escherichia coli is a gram negative bacteria commonly found in the gas-
trointestinal tract of mammals. Most E. coli are harmless, but the pathogenic
strains of E. coli can cause serious diseases. For example, enteropathogenic
Escherichia coli (EPEC) can cause severe infantile diarrhoea and entero-
haemorrhagic Escherichia coli (EHEC) can cause haemorrhagic colitis and
hemolytic-uremic syndrome [118–120]. For example, the May 2011 E. coli
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outbreak in Europe is caused by a strain of pathogenic E. coli that has
acquired the genes to produce Shiga toxins, which are common in EHEC
strains and are responsible for haemorrhagic symptoms. EHEC and EPEC
infections are the major causes of fatal diseases and mortalities in both
developing and developed countries alike.
EHEC and EPEC form attaching and e↵acing (AE) lesions in the host
intestine, and the genes needed to form these lesions are encoded in the
locus of enterocyte e↵acement (LEE) pathogenicity island and clustered
in five major operons (from LEE1 to LEE5 ) [121–125]. The nucleoid-
associated protein H-NS, a global gene silencer, plays an important role in
the virulence system of pathogenic E. coli by silencing the transcription of
genes encoded in LEE pathogenicity island. Another key regulator of the
pathogenicity island that control the AE phenotype is LEE encoded regu-
lator (Ler), which is encoded in LEE1 [126]. The ler mutant of both EHEC
and EPEC are shown to be defective in the formation of AE lesions, show-
ing the importance of Ler in regulating the LEE genes [127, 128]. LEE1,
which encodes Ler, is silenced by H-NS at 27  C. Upon reaching the host
body temperature of 37  C, LEE1 is activated and, in a cascade fashion,
the expressed Ler activates the transcription of LEE2, LEE3, LEE4, and
LEE5 operons, as well as some other genes encoded in LEE and espC,
which is located outside of LEE [126, 127, 129–135]. Hence, Ler is consid-
ered as a global regulator that activate the transcription of virulence genes
in EHEC and EPEC. Together, H-NS and Ler are the major regulators
that control the expression of genes encoded in LEE pathogenicity islands.
Ler exhibits amino acid similarity and identity to H-NS, especially in the
DNA binding domain located in the C-terminus [126,127]. The N-terminus,
which mediate protein oligomerization through the coiled-coil region, and
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the linker region connecting the two domains have less homology to H-
NS [48,136,137]. In spite of the less conserved N-terminal region compared
to H-NS, Ler is shown able to form dimers and higher-order oligomers in
solution, a structural property of H-NS-family proteins [136]. However,
despite being categorized as a member of H-NS-family proteins, Ler is dis-
tinctly di↵erent from H-NS-family proteins in terms of its in vivo function.
H-NS-family proteins function as transcriptional gene silencer, while Ler
functions to antagonize H-NS-mediated gene repression [134]. Several as-
says have demonstrated that H-NS-like proteins, although markedly di↵er-
ent from H-NS, can functionally substitute H-NS in hns mutant strains [53].
In contrast, Ler is unable to complement H-NS functions in H-NS-deficient
pathogenic E. coli [127].
The molecular mechanism of H-NS-mediated gene silencing has been at-
tributed to its direct interaction with DNA. H-NS forms rigid nucleopro-
tein filaments through cooperative polymerization process that gives rise
to DNA sti↵ening in magnetic tweezers experiments [40, 42]. In the pres-
ence of MgCl2, however, H-NS can bridge two double-stranded DNA to
form hairpin-like structures [39,41,42]. The anti-silencing mechanism of H-
NS-silenced genes has been based mainly on the ability of H-NS to bridge
DNA, such as impeding the movement of RNA polymerase to repress tran-
scription [63,64]. Recently, gene silencing H-NS-family proteins in di↵erent
species of gram-negative and gram-positive bacteria have been character-
ized by their conserved ability to form nucleoprotein filaments [77,97,105].
The formation of nucleoprotein filament is shown able to restrict DNA ac-
cessibility to DNase1, suggesting that DNA promoter region covered with
H-NS filament is rendered inaccessible to RNA polymerase. In addition,
SsrB, which can relieve H-NS silencing in Salmonella, is found able to ef-
fectively compete H-NS o↵ when H-NS forms nucleoprotein filaments but
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not in the condition where H-NS bridges DNA [82]. Importantly, muta-
tional studies on MvaT in Pseudomonas aeruginosa and H-NS in E. coli
have shown that mutants of MvaT and mutants of H-NS, which are func-
tionally defective, cannot form nucleoprotein filaments in single-molecule
stretching experiments [77,96,115], suggesting that the filament formation
is likely relevant to gene silencing.
It has been suggested that Ler antagonizes H-NS function primarily through
its interaction with upstream and downstream region of the H-NS binding
site to disrupt H-NS binding [131, 132, 134, 135, 138]. In addition, lower
dissociation constant of Ler compared to H-NS further indicates that Ler
relieves H-NS silencing through competition for DNA binding [136]. There-
fore, unravelling the binding properties of Ler to DNA and the interplay
between Ler and H-NS are critical to better understand the molecular mech-
anism of Ler’s anti-silencing activity in pathogenic E. coli. In this work, we
use magnetic tweezers to study the impact of Ler’s binding on DNA elas-
tic response and AFM imaging to visualize the conformations of Ler-DNA
complexes. In addition, the e↵ect of Ler on preformed H-NS nucleoprotein
filaments is also examined.
5.2 Materials & Methods
Proteins
Purification of Ler protein was done by the protein expression facility of
the Mechanobiology Institute, Singapore. DH5↵ E. coli containing pVS45
plasmid was grown in LB medium at 37  C. 0.2 % arabinose was then added
after the cells have grown to OD600 of 0.6 0.7. After induction for 6 hours




We stretched a single   DNA (48,502 bp) in the focal plane. Both ends of
the DNA were biotinylated to allow attachment to streptavidin-functioned
cover slip edge on one end and streptavidin-coated paramagnetic bead on
the other end. Unless otherwise stated, the bu↵er exchange process was
performed at high force (⇠ 10 pN) to prevent protein-induced DNA folding
that may take place at lower forces.
Atomic Force Microscopy
We used  X174 DNA (5,386 bp) and 576 bp DNA for the imaging experi-
ments. Various amount of Ler protein was added to a solution containing
0.2 ng/µL DNA, incubated for 15 minutes in the test tube. Next, the
solution was deposited on glutaraldehyde-functioned mica for another 15
minutes. The mica was then washed and dried for the imaging experiments.
To examine the competition between H-NS and Ler, 1.2 µM H-NS was
incubated with  X174 DNA for 30 minutes in the test tube to form fully
coated H-NS filaments. Various amount of Ler protein was then introduced
to the preformed H-NS filaments for another 20 minutes, before the final
solution was incubated on the glutaraldehyde-functioned mica for 15 min-
utes to allow attachment to the mica surface.
5.3 Results
5.3.1 Ler binds to extended DNA and increases DNA
bending rigidity
Ler may perform its regulatory function as gene anti-silencer based on its
interaction with DNA. Recently, single-molecule imaging experiments have
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revealed that Ler binding caused DNA wrapping, resulting in the forma-
tion of toroidal structures [136, 139]. Ler can also compete H-NS o↵ in
EMSA experiments, consistent with the lower dissociation constant of Ler
compared to H-NS [136].
First, we study the direct interaction of Ler to DNA through single-molecule
stretching experiments. Ubiquitous force is expected to exist in the nucleoid
due to the tension involved in DNA packaging by NAPs. In addition, RNA
polymerase can exert force up to ⇠ 25 pN while carrying out transcrip-
tion [7]. Using magnetic tweezers, a single   DNA was extended by apply-
ing force. The DNA organisation modes of Ler can be inferred from the
e↵ect of Ler on DNA elastic response.
We stretched a single   DNA at high force (⇠ 10 pN) and the force was
reduced successively to lower forces (⇠ 0.1 pN). The scan from high force to
low force was plotted as force-decrease curve. Next, the force was increased
back to higher forces through the same set of forces and the reverse scan
was plotted as force-increase curve. The extension of DNA at each force
was recorded. The force-decrease and force-increase curves of naked DNA
overlap each other as equilibrium is reached (Fig. 5.1A, black data).
At 6 nM Ler, we found that the force-decrease curve was slightly below
the naked DNA, and the extension of DNA in the force-increase curve is
much lower compared to naked DNA (Fig. 5.1A, magenta data). Lower
extension of the Ler-DNA complex compared to naked DNA indicates the
presence of DNA folding, whereas non-overlapping curves (hysteresis) in-
dicate non-steady binding state. The level of hysteresis may vary from one
experiment to another due to the non-equilibrium nature of the DNA fold-
ing process. The slightly folded DNA was completely unfolded at higher
force before the experiment was repeated at higher concentration of Ler.
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Figure 5.1: Single-molecule stretching experiments on Ler-DNA complexes. (A)
Force-extension curve of Ler-DNA complexes at various Ler concentration using
the force-scanning procedure. DNA folding was observed at lower Ler concen-
tration while DNA sti↵ening predominated as Ler concentration was increased.
(B) Force-extension curve of Ler-DNA complexes at various Ler concentration
using the force-jumping procedure, which prevent the occurrence of DNA fold-
ing. Increasing amount of DNA sti↵ening was observed as Ler concentration was
increased. The error bars at each force was obtained from the standard deviation
of 3 force-jumping data of the same DNA molecule.
At 100 nM Ler, the force-decrease curve lies above the naked DNA curve,
which indicates DNA sti↵ening (Fig. 5.1A, magenta data). The force-
increase curve falls below the naked DNA, which indicates DNA folding.
At this concentration, we found that Ler can simultaneously sti↵en and fold
DNA. Next, we increased the Ler concentration to 300 nM and 600 nM,
and we found that Ler can further sti↵en the DNA with small amount of
hysteresis between the force-decrease and force-increase curves (Fig. 5.1A,
blue and orange data respectively). We also found that the DNA extension
at ⇠ 10 pN in the presence of 600 nM Ler is below the naked DNA exten-
sion, indicating either reduction in contour length caused by distortion of
DNA structure or the presence of remaining folded Ler-DNA complexes.
The trend exhibited by Ler binding on DNA were reproduced in multiple
independent experiments.
The observation of DNA sti↵ening in Ler-DNA complexes is particularly
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interesting, as DNA sti↵ening has been generally observed for H-NS and H-
NS-like proteins. These proteins are known as gene-silencer, and the forma-
tion of rigid nucleoprotein filaments has been proposed as the general mech-
anism responsible for their gene-silencing activity [42, 77, 82, 97, 105, 115].
Ler, however, is known to counteract the silencing activity of H-NS. To bet-
ter understand the DNA sti↵ening caused by Ler binding, we performed
force-jumping procedure that can prevent the accumulation of DNA fold-
ing at lower forces. Using this procedure, we can probe the level of DNA
sti↵ening caused by Ler binding. First, we stretched a single   DNA at
high force (⇠ 10 pN) and we jumped to lower force value for ⇠ 7 seconds
to measure the DNA extension at that force. Subsequently, the force was
jumped back to high force to ensure that the interference from DNA folding
in the measurement of DNA extension at lower force is negligible (< 300
nm). This procedure was repeated for a series of lower forces to obtain the
force-extension curve.
The force-extension curves of Ler-DNA complexes using force-jumping pro-
cedure show an increasing level of DNA sti↵ening (Fig. 5.1B). The force-
extension curve data at each concentration was then fitted with the Marko-
Siggia formula (Eq. 2.3) to obtain the persistence length of the DNA or
Ler-DNA complexes, which indicate the bending sti↵ness of the polymer.
The persistence length of naked DNA is in the range of 44 53 nm [66,67].
At 6 nM, we obtain a persistence length value of 50 nm, which is very close
to that of naked DNA. As we increased the Ler concentration, the DNA
sti↵ness is increased as indicated by the increase in bending persistence
length, with saturation reached at > 300 nM Ler.
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5.3.2 Ler binds to extended DNA through non-cooperative
binding process
DNA sti↵ening is generally associated with the formation of rigid nucleo-
protein filament, such as those observed for H-NS and H-NS-like proteins.
This can be achieved through cooperative polymerization of protein on the
DNA backbone. In addition, the formation of nucleoprotein filaments have
been proposed as the mechanism responsible for gene silencing [77, 115].
The cooperativity may render the DNA backbone inaccessible to other
molecules, such as RNA polymerase, hence achieving gene silencing func-
tion. Here we would like to further examine the properties of the DNA
sti↵ening caused by Ler binding by using the force-jumping procedure.
We fit the force-extension curve produced by the force-jumping procedure
at various Ler concentrations to the Marko-Siggia formula (Eq.2.3), which
gives us the value of apparent persistence length and contour length of
Ler-DNA complexes. Multiple independent experiments were performed in
50 mM KCl, 23  C, pH 7.5 to obtain an average persistence length and
average contour length of Ler-DNA complexes at various Ler concentration
(Fig. 5.2A). The error bars on the persistence length data at each concen-
tration was calculated based on the standard error obtained from multiple
independent experiments. The DNA sti↵ening e↵ect reaches its saturation
at ⇠ 600 nM Ler, with apparent persistence length of 120 ± 9 nm at 1200
nM Ler. At this concentration, the contour length of Ler-DNA complexes
is ⇠ 3.6 % shorter (⇠ 600 nm) compared to naked DNA, indicating that
Ler binding may result in distortion of DNA structure.
5.3 Results 95
Figure 5.2: Persistence length and DNA occupancy measurement of Ler-DNA
complexes and H-NS-DNA complexes. (A) The persistence length and contour
length of Ler-DNA complexes at various Ler concentrations were obtained from
curve fitting using the Marko-Siggia formula on multiple force-extension data
generated from the force-jumping procedure. (B) The average DNA occupancy
at various Ler concentrations were calculated based on the persistence length
(Eq. 3.4). Each independent experiment was then fitted with Hill equation, and
the average value of Hill coe cient and Kd from multiple independent experi-
ments were plotted in the figure legend. The average Hill coe cient value of 1.08
indicates that Ler binds non-cooperatively to DNA. (C) The persistence length
and contour length of H-NS-DNA complexes at various H-NS concentrations
were obtained using the same method as panel A. (D) The average DNA occu-
pancy at various H-NS concentrations were calculated using the same method as
panel B. The average Hill coe cient value of 1.73 indicates cooperative binding
of H-NS to DNA.
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Assuming that the the measured extension of Ler-DNA nucleoprotein com-
plex comprises of Ler-bound DNA and naked DNA portion, the DNA oc-
cupancy at various Ler concentration can be calculated as derived previ-
ously [77]. Next, DNA occupancy at di↵erent Ler concentration was fitted
with the Hill equation (Eq. 3.5) to obtain the Hill coe cient and Kd (Fig.
5.2B). The error bars of the occupancy data at each Ler concentration was
obtained from the standard error propagation of the standard error of per-
sistence length. From each of the multiple independent experiments on
Ler-DNA complexes, we did separate curve fitting to obtain the value of
Hill coe cient and Kd, resulting in the average Hill coe cient value of 1.08
± 0.19 and Kd value of 23.4 ± 5.4 nM.
The average Hill coe cient obtained for Ler-DNA complexes is very close
to 1, indicating non-cooperative or independent Ler binding process. This
observation of non-cooperative binding of Ler on DNA is also consistent
with the recent findings using AFM imaging experiments that showed scat-
tered particles formed by Ler [139]. One should expect the formation of
segregated islands of filament for cooperative protein binding, as observed
previously in H-NS-DNA complexes [42]. The Hill coe cient and Kd ob-
tained from our experiment are obtained from extended DNA under ten-
sion, which may be di↵erent from bulk experiment. In such bulk biochem-
ical experiments, force is generally absent and the protein-DNA complexes
may interact with other DNA molecules.
We also examined the properties of H-NS nucleoprotein filaments by using
similar procedures. We measured the average persistence length and con-
tour length at various H-NS concentration in 50 mM KCl, 23  C, pH 7.5
(Fig. 5.2C). The DNA sti↵ening e↵ect caused by the formation of H-NS
nucleoprotein filaments reaches saturation at ⇠ 300 nM H-NS, with persis-
tence length value of 227 ± 26 nm at 1200 nM H-NS. At 1200 nM H-NS, we
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also observed ⇠ 3.3 % reduction in contour length (⇠ 550 nm), indicating
that the DNA structure is slightly distorted upon H-NS binding. We ob-
tained an average Hill coe cient value of 1.73 ± 0.12 and Kd value of 46.3
± 5.6 nM for H-NS-DNA complexes (Fig. 5.2D). H-NS binding on DNA is
marked by its positive cooperative binding process, indicated by Hill coe -
cient value significantly > 1. This finding is consistent with the previously
reported separated islands of H-NS filaments on  X174 DNA [42].
In summary, we have characterized the DNA sti↵ening properties of Ler
nucleoprotein complexes and H-NS nucleoprotein filaments. We found that
1) the bending persistence length of Ler-DNA complexes is about half that
of H-NS nucleoprotein filaments, 2) Ler has a higher a nity on DNA com-
pared to H-NS as shown by the lower value of dissociation constant, and 3)
Ler essentially binds DNA non-cooperatively, which is very di↵erent com-
pared to H-NS and H-NS-related proteins [42, 77, 97,105].
5.3.3 Ler can fold DNA through association of Ler-
bound DNA with naked DNA
In addition to DNA sti↵ening, we also observed that Ler can fold DNA at
lower concentration of Ler (Fig. 5.1A), indicated by the hysteresis between
the force-decrease and force-increase curves. The hysteresis, however, is
negligible at higher concentration, i.e. 300 nM and 600 nM Ler. The re-
duced amount of DNA folding can be caused either by 1) insu cient time
for DNA folding to occur at low force or 2) all DNA sites have been oc-
cupied by Ler and Ler-bound DNA cannot interact with each other. To
test our first hypothesis, we stretched Ler-DNA complexes in the presence
of 600 nM Ler to ensure binding saturation (Fig. 5.3A). Next, we reduced
the force successively to 0.08 pN to obtain the force-decrease curve. We
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Figure 5.3: DNA folding is largely absent in fully-coated Ler-DNA complexes.
(A) Ler-DNA complexes was incubated at 0.06 pN for 1 hour between the force-
decrease and force-increase scan in the presence of 600 nM Ler, showing a slight
hysteresis. (B) The time-course data of the stretching experiment in panel A.
Slight DNA unfolding was observed as the force was increased back to 8.49 pN.
incubated the Ler-DNA complexes for 1 hour at 0.06 pN to allow for in-
tramolecular folding of fully-coated Ler-DNA complexes. After 1 hour, we
only observed a slight reduction in DNA extension of ⇠ 600 nm. The force
was then increased successively to high force to obtain the force-increase
curve. We found a small amount of hysteresis between the force-decrease
and force-increase curve. During the 1 hour incubation at 0.06 pN, Ler-
DNA complex is relatively stable, as indicated by the small fluctuation in
DNA extension (Fig. 5.3B). After the force was increased to 8.49 pN, the
extension is ⇠ 500 nm shorter compared to the extension measured dur-
ing the force-decrease scan, suggesting the presence of slight DNA folding.
Unfolding signal was observed as we continued to stretch the DNA at 8.49
pN, showing that the slight reduction in DNA extension is caused by Ler-
induced DNA folding.
The experiment performed in Fig. 5.3 shows that Ler-bound DNA cannot
interact with each other, which favour our second hypothesis. Otherwise,
one would expect DNA folding to occur during the 1 hour incubation at
low force. We propose that the DNA folding observed at unsaturated Ler
binding (lower Ler concentration) is caused by the interaction of Ler-bound
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Figure 5.4: Ler can condense DNA at unsaturated binding condition through
interaction between Ler-bound DNA and naked DNA. (A) Naked DNA was
initially stretched at 0.07 pN, and bu↵er solution containing 600 nM Ler was
slowly introduced, resulting in DNA condensation. After the folded Ler-DNA
complexes were unfolded at higher force (magenta data), Ler sti↵ens DNA with
negligible folding (green data). (B) The time-course data of the stretching ex-
periment in panel A, showing the dynamics of Ler-induced DNA folding and
unfolding.
DNA with naked DNA segments, either by DNA bridging or by DNA wrap-
ping as reported previously [136,139]. To test this hypothesis, we stretched
a single   DNA and performed the bu↵er exchange to 600 nM Ler at 0.07
pN. As the bu↵er exchange introduces lateral stretching force, the bu↵er
exchange was done slowly for 1 hour using automated syringe pump to
minimize the total force exerted on the DNA. In addition, the slow bu↵er
exchange experiment allows gradual increase of Ler concentration in the
solution.
During the low force bu↵er exchange, the DNA extension dropped to ⇠
3 µm (Fig. 5.4A, magenta data). The force was then increased to higher
forces to unfold the DNA. After the Ler-DNA complex was completely
unfolded, we performed force-scanning procedure. The resulting force-
decrease and force-increase curves show DNA sti↵ening as observed pre-
viously for 600 nM Ler (Fig. 5.4A, green data). The absence of hysteresis
indicates that DNA folding observed previously is absent, consistent with
our previous hypothesis that Ler-bound DNA can only interact with naked
DNA. After Ler-DNA complexes was unfolded at high force, all the vacant
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DNA sites were depleted by saturated Ler binding.
Fig. 5.4B shows the corresponding time-course data of this experiment.
The spike observed after ⇠ 200 seconds is caused by the initial bu↵er ex-
change at 0.07 pN.The sudden reduction of extension from ⇠ 8 µm to ⇠ 6
µm is caused by the lateral force exerted on the magnetic bead, as the DNA
extension algorithm is based on the projected distance between the bead
centroid to the cover slip edge. After ⇠ 750 seconds, the DNA extension
collapsed to ⇠ 3 µm. The observed fluctuation in DNA extension after the
DNA folding indicates that the magnetic bead was not stuck to the cover
slip edge and the folded Ler-DNA complex was stable at this condition for
⇠ 1 hour. After the bu↵er exchange was finished, Ler-DNA complex was
gradually unfolded by increasing the stretching force up to 12 pN.
The low force bu↵er exchange experiment increases Ler concentration in so-
lution gradually and allows Ler-bound DNA to associate with naked DNA
segments. This is not possible if the bu↵er exchange is performed at high
force (⇠ 10 pN), as the DNA will be saturated with Ler. The extensive
DNA folding observed when Ler was inserted at low force supports the hy-
pothesis that Ler-bound DNA can associate with naked DNA segments to
induce DNA folding. Our single-molecule stretching experiments, however,
cannot distinguish whether the DNA folding is caused by DNA bridging,
DNA wrapping, or combination of both mechanisms.
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5.3.4 Ler forms compact DNA structures and extended
DNA structures in single-molecule imaging ex-
periments
We performed AFM imaging experiments to visualize the conformations
of Ler-DNA complexes at various Ler concentrations. We incubated 0.2
ng/µL  X174 DNA with various concentration of Ler.  X174 DNA adopts
random-coiled structure in the absence of any protein (Fig. 5.5A). At 30
nM Ler (1 protein monomer for every 10 bp of DNA), we observed that
some portion of the DNA was condensed into compact structure. The
extended portion of the Ler-DNA complex formed at 30 nM Ler is naked
DNA, as the cross section analysis shows similar width and height to naked
DNA (Fig. 5.5E, magenta data). As we increased Ler concentration to 300
nM (1 protein monomer for every DNA bp), more compact structures were
observed. The larger complex found in our experiment may indicate the
association of multiple DNA molecules to form compact structures. Some
extended structures can still be found at this condition. We found that
these extended structures are uncoated DNA, based on the cross section
analysis (Fig. 5.5E, green data). At 3 µM Ler (10 protein monomer for
every DNA bp), we found a mixture of compact nucleoprotein structures
and extended structures (Fig. 5.5D). The width and height of the extended
structures are significantly larger than that of naked DNA, suggesting that
the extended structures are Ler-coated DNA (Fig. 5.5E, blue data).
The experiments in Fig. 5.5 were done using  X174 DNA (5,386 bp, ⇠ 1.8
µm long), which adopts random-coiled structure in solution. Compared to
our single-molecule stretching experiments, force is largely absent in our
AFM imaging experiments and therefore the interaction between protein
and DNA may be di↵erent for these two independent techniques. To visu-
alize the conformations formed by the interaction of Ler to extended DNA,
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Figure 5.5: AFM imaging experiments of  X174 DNA complexed with vari-
ous concentration of Ler. (A) Naked DNA adopts random-coiled structure in
solution. (B)  X174 DNA complexed with 30 nM Ler, resulting in compact
structures. (C)  X174 DNA complexed with 300 nM Ler, resulting in com-
pact structures. The inset colour scale ranges from 0 to 1.5 nm. (D)  X174
DNA complexed with 3 µM Ler, resulting in a mixture of compact nucleopro-
tein structures and extended nucleoprotein structures. (E) The line profiles of
the extended structures as indicated by the coloured lines in panel A-D. The
significantly greater height and width of the extended structure found at 3 µM
Ler compared to naked DNA suggests that the DNA was coated with Ler. The
surface area for all the images are 0.7 µm x 0.7 µm. The
we used 576 bp DNA as short DNA adopts more extended conformation
in solution due to its intrinsic rigidity (⇠ 200 nm in length, ⇠ 4 times the
bending persistence length of naked DNA).
Naked 576 bp DNA adopts more extended conformation in solution com-
pared to the random-coil structures assumed by  X174 DNA due to its
intrinsic rigidity (Fig. 5.6A). We took the cross section of 3 naked 576 bp
DNA molecules (Fig. 5.6E), resulting in the average height of 0.35 ± 0.07
nm. At 30 nM Ler, we found some small compact nucleoprotein structures
along with extended structures (Fig. 5.6B). The average height of the ex-
tended structures found at 30 nM Ler is 0.36 ± 0.05 nm, suggesting that
they are naked DNA (Fig. 5.6F). As we increased the Ler concentration to
300 nM, larger compact nucleoprotein structures were formed with fewer
proportion of extended structures (Fig. 5.6C). The height of these extended
structures was found to be 0.57 ± 0.13 nm, suggesting that these structures
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Figure 5.6: AFM imaging experiments of 576 bp DNA complexed with various
concentration of Ler. (A) Naked 576 bp DNA adopts a more extended confor-
mation in solution. (B) 576 bp DNA complexed with 30 nM Ler, resulting in
compact structures. (C) 576 bp DNA complexed with 300 nM Ler, resulting
in compact structures. (D) 576 bp DNA complexed with 3 µM Ler, resulting
in a mixture of compact nucleoprotein structures and extended nucleoprotein
structures. (E-H) The line profiles of the extended structures as indicated by
the white lines in panel A-D. Each of the panel contains 3 line profiles and the
average height is indicated in the figure legend. The significantly higher height
of the extended structure found at 3 µM Ler compared to naked DNA suggests
that the DNA was coated with Ler. The surface area for all the images are 0.7
µm x 0.7 µm.
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are naked DNA instead of Ler-coated DNA (Fig. 5.6G). At 3 µM Ler, we
found a mixture of compact nucleoprotein structures and extended nucleo-
protein structures (Fig. 5.6D). These extended structures are much thicker
compared to naked DNA, with a height of 2.47 ± 0.37 nm, indicating that
these thick extended structures are Ler-coated DNA molecules (Fig. 5.6H).
Combining the results of our single-molecule stretching experiments and
and AFM imaging experiments, we found that the DNA folding observed
at low forces or low Ler concentration in our magnetic tweezers experi-
ments is consistent with the formation of compact nucleoprotein structures
in our imaging experiments.  X174 DNA adopts random-coiled structure
in solution, allowing intramolecular folding that results from the interac-
tion between Ler-bound DNA and naked DNA. On the other hand, the
more rigid and extended 576 bp DNA largely restricts such intramolecular
folding. However, regardless of the DNA molecules used, our imaging ex-
periments were done in bulk condition. This allows intermolecular folding
that results from the interaction of Ler-bound DNA with other uncoated
DNA molecule. In addition to DNA folding, we also observed extended Ler
nucleoprotein structures, in agreement to the DNA sti↵ening observed in
our magnetic tweezers experiments. These Ler-coated extended structures
were found mainly at higher Ler concentration. This can be explained from
the kinetic competition of Ler-bound DNA. Partially-coated DNA can ei-
ther associate with naked DNA segments to form compact nucleoprotein
structure or it can be fully coated with Ler to form extended nucleoprotein
structure. Higher Ler concentration saturates the available DNA binding
sites rapidly and depletes the naked DNA portion, resulting in higher pro-
portion of extended nucleoprotein structure. At 3 µM Ler, significantly
higher proportion of extended nucleoprotein structures were found when
we used 576 bp DNA instead of 5,386 bp long  X174 DNA because it is
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easier for Ler-bound DNA to associate with naked DNA in the random-
coiled  X174 DNA.
In summary, we have unravelled the organisation modes of Ler to DNA
using both single-molecule stretching experiments and AFM imaging ex-
periments. Unsaturated Ler binding results in either DNA bridging, DNA
wrapping, or combination of both structures. This is caused by the in-
teraction between Ler-bound DNA and naked DNA segments. Moreover,
we found that Ler-bound DNA is unable to interact with each other. A
fully-coated Ler-DNA complex adopts extended conformation, which cor-
responds to the DNA sti↵ening in our magnetic tweezers experiments. The
organisation modes of Ler to DNA will be further discussed in the Discus-
sions section.
5.3.5 Ler responses to environmental factors
Microbial pathogens often experience sudden environmental changes during
host infection. The environmental signals are thus crucial for the pathogens
to survive and to adjust its gene expression. In EHEC and EPEC, tempera-
ture is known to a↵ect the virulence mechanism by H-NS and Ler. At < 37
 C, the expression of LEE1 to LEE5 operons are repressed by H-NS, while
Ler can release H-NS mediated repression and activate the transcription
of these operons [135, 140]. The environmental cues can a↵ect the DNA
binding properties of H-NS, Ler, or both, causing them to act in concert
to regulate the transcription. H-NS nucleoprotein filament is found sus-
ceptible to variation in salt concentration, temperature, and pH [40, 42].
H-NS-induced DNA folding, however, is largely una↵ected by variation in
temperature and pH [42]. Thus, it would be interesting to see how vari-
ation in environmental factors can a↵ect the binding properties of Ler to
DNA. In this work, we examined the responses of Ler-DNA complexes to
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variation in KCl concentration, MgCl2 concentration, pH, and temperature
over physiologically relevant range.
Bacterial pathogens have a relatively high salt tolerance to survive against
salt stress, which can a↵ect the intracellular salt concentration. First, we
examined the e↵ect of variation in KCl concentration on Ler-DNA com-
plexes by using the force-scanning procedure. Together, force-decrease and
force-increase curve provide information on both Ler-induced DNA sti↵en-
ing and DNA folding. We varied the KCl concentration from 50 mM to
400 mM, while Ler concentration was fixed at 600 nM (Fig. 5.7A). The
force-decrease curves lie above naked DNA curve, indicating DNA sti↵en-
ing over the range tested. Ler nucleoprotein sti↵ness is largely una↵ected
in the range of 50 200 mM KCl, but the sti↵ness is significantly reduced
at 400 mM KCl. Because the level of sti↵ness is related to DNA occu-
pancy, the decreased sti↵ness suggests that Ler’s DNA binding a nity is
reduced, causing less Ler binding on DNA. This can be explained as Ler in-
teracts with DNA partly via electrostatic interactions, which are weakened
at higher salt concentration due to the screening e↵ect. This is supported
by the presence of slight hysteresis at 400 mMKCl (Fig. 5.7A, orange data),
as unsaturated Ler binding can lead to DNA folding by association with
naked DNA. The force-increase curve, however, still lies above the naked
DNA curve, indicating DNA sti↵ening. The mixture of DNA sti↵ening and
DNA folding is similar to the result we obtained at low Ler concentration
(Fig. 5.1A, green and blue data), consistent with decreased Ler binding at
higher salt concentration. Due to the possible contribution of DNA folding
to the force-extension curves, we performed force-jumping experiments to
probe the e↵ect of KCl concentration on Ler-induced DNA sti↵ening. The
nucleoprotein sti↵ness was reduced at 400 mM KCl, consistent with our
force-scanning experiment (Fig. 5.8A).
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Figure 5.7: The responses of Ler-DNA complexes to variation in KCl concentra-
tion, MgCl2 concentration, pH, and temperature. (A) The responses of Ler-DNA
complexes to variation in KCl concentration. Higher salt concentration results in
reduced Ler binding on DNA, as evident in 400 mM KCl where reduced sti↵ening
e↵ect and slight hysteresis were observed. The force-extension at 50 mM KCl
(magenta) is not visible due to the overlap with the force-extension curves at
100 mM KCl (green). (B) The responses of Ler-DNA complexes to variation in
MgCl2 concentration. Increasing amount of hysteresis between the force-decrease
and force-increase curve was observed, indicating magnesium-induced Ler-DNA
complexes folding. (C) The responses of Ler-DNA complexes to variation in
pH. As pH value was reduced, increasing amount of hysteresis was observed.
(D) The responses of Ler-DNA complexes to variation in temperature. Higher
temperature results in reduced Ler binding on DNA, as evident in 37  C where
reduced sti↵ening e↵ect and slight hysteresis were observed.
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Next, we would like to examine the e↵ect of magnesium on Ler-DNA com-
plexes, an essential factor to living cells. The intracellular content of mag-
nesium is estimated to be in the range of few mM [141,142]. The presence
of magnesium can cause significant changes in H-NS binding to DNA, alter-
ing the organisation modes of H-NS from sti↵ening to bridging [42]. Mag-
nesium can also induce DNA condensation in StpA-DNA complexes and
increase DNA folding for MvaT-DNA complexes [77, 97]. We examined
Ler-DNA complexes in the presence of up to 10 mM MgCl2 (Fig. 5.7B).
The force-decrease curves obtained at 0 10 mM MgCl2 lie above the naked
DNA curves, indicating Ler binding on DNA that results in DNA sti↵en-
ing. These curves nearly overlap each other, indicating that Ler binding
on DNA is largely una↵ected by MgCl2 concentration. We also performed
force-jumping experiments to probe the e↵ect of variation in MgCl2 on
Ler-induced DNA sti↵ening (Fig. 5.8B). We found similar amount of DNA
sti↵ening in the range of 0 10 mM MgCl2, which agrees with our force-
scanning experiments. Increasing amount of hysteresis was also observed as
MgCl2 concentration was increased, suggesting that the presence of MgCl2
in solution can promote Ler-induced DNA folding. The mechanism of this
folding, however, may be di↵erent compared to Ler-induced DNA folding in
the absence of MgCl2, which is caused by the association of Ler-bound DNA
to naked DNA segments. This folding mechanism predicts that hysteresis
will be accompanied by decreased Ler binding on DNA that results in re-
duced amount of DNA sti↵ening, as observed at lower Ler concentration
(Fig. 5.1A) or higher KCl concentration (Fig. 5.7A). Here we found that
MgCl2 increased the amount of hysteresis without a↵ecting Ler binding
on DNA. Therefore, magnesium-dependent DNA folding by Ler demands
other as yet unidentified mechanism.
We further examined magnesium-dependent DNA folding by incubating
Ler-DNA complexes at 0.08 pN for 1 hour after the force-decrease scan
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Figure 5.8: The impact of variation in KCl concentration, MgCl2 concentration,
pH, and temperature to Ler-induced DNA sti↵ening e↵ect. (A) Ler-induced
DNA sti↵ening was reduced as the KCl concentration in solution was increased
up to 400 mM, suggesting that Ler binding on DNA is reduced as the salt concen-
tration is increased. (B) Ler-induced DNA sti↵ening was insensitive to variation
in MgCl2 concentration, indicating that Ler binding is una↵ected by variation
in MgCl2 concentration. (C) Ler-induced DNA sti↵ening was insensitive to vari-
ation in pH, indicating that Ler binding is una↵ected by variation in pH. (D)
Ler-induced DNA sti↵ening was reduced as the temperature of the solution was
increased up to 37  C, suggesting that Ler binding on DNA is reduced as the
temperature is increased.
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(Fig. 5.9A). Initially, Ler-DNA extension at 0.08 pN was ⇠ 10 µm. Af-
ter 1 hour, we found a moderate reduction in DNA extension to ⇠ 6.5
µm. The force was then increased successively to obtain the force-increase
curve, showing a large hysteresis compared to the force-decrease curve. The
corresponding time-course data of this stretching experiment is plotted in
Fig. 5.9B. After the force was reduced to 0.08 pN, the DNA extension
slowly and gradually decreased over 1 hour, suggesting a slow DNA folding
process. After the force was increased back to 7.28 pN, Ler-DNA complex
extension was ⇠ 11 µm, which is far below the original extension of ⇠ 16
µm. A higher force of 16.39 pN was applied to completely unfold the DNA
and recover the original DNA extension.
We have shown previously that in the absence of magnesium, only ⇠ 500
nm reduction in length (⇠ 3 % of initial DNA extension) was observed
when Ler-DNA complex was incubated at 0.06 pN for 1 hour (Fig. 5.3).
In contrast, we found ⇠ 3 µm reduction in length (⇠ 18 % of initial DNA
extension) in the presence of 10 mM MgCl2 (Fig. 5.9). The significant
di↵erence in the amount of DNA folding is caused by the presence of 10
mM MgCl2 in solution. The mechanism of slow magnesium-induced DNA
folding by Ler, as well as those observed for H-NS and H-NS-family pro-
teins remain unclear and may be di↵erent from each other.
The e↵ect of pH on Ler binding was also investigated. The force-decrease
curves lie above the naked DNA and they show similar level of DNA sti↵-
ening (Fig. 5.7C), indicating that Ler binding is largely insensitive to vari-
ation in pH over the range tested. This observation is also confirmed with
the force-jumping procedure (Fig. 5.8C). We also observe an increasing
amount of hysteresis as the pH was decreased, suggesting the presence of
DNA folding at lower pH.
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Figure 5.9: Magnesium can induce slow DNA folding in Ler-DNA complexes.
(A) Force-decrease scan was performed on Ler-DNA complexes formed at 600
nM Ler in bu↵er containing 10 mM MgCl2, followed by incubation at 0.08 pN for
1 hour. Modest amount of DNA folding (⇠ 3 µm) was found during incubation at
low force, causing large hysteresis between the force-decrease and force-increase
curve. (B) The time-course data of the stretching experiment in panel A. There
was a slow and gradual DNA folding when the force was fixed at 0.08 pN for 1
hour. Higher force of 16.39 pN is required to fully unfold the Ler-DNA complexes.
Next, we examined the e↵ect of temperature on Ler-DNA complexes, which
may shed light to understanding the thermoregulated expression of viru-
lence genes by Ler. We varied the temperature from 23  C to 37  C and ex-
amined the impact on Ler-DNA complexes (Fig. 5.7D). The force-decrease
curves show reduced level of DNA sti↵ening as we increased the tempera-
ture. The resulting force-extension curves obtained using the force-jumping
procedure also support this observation (Fig. 5.8D). At 37  C, the force-
extension data at < 0.3 pN were not recorded due to significant interference
from DNA folding (Fig. 5.8D, blue data). We also found increased level of
hysteresis as we increased the temperature, suggesting DNA folding. The
DNA folding observed at higher temperature is accompanied by reduced
level of DNA sti↵ening. Therefore, this folding can be explained by the va-
cated DNA sites as Ler binding to DNA is reduced, causing the association
between Ler-bound DNA and naked DNA. This observation is analogous
to the DNA folding observed at lower Ler concentration (Fig. 5.1A) or
higher KCl concentration (Fig. 5.7A).
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In summary, we have tested the susceptibility of Ler-DNA complexes to
variation in KCl concentration, MgCl2 concentration, pH, and tempera-
ture over physiologically relevant range. We found that Ler-induced DNA
sti↵ening is reduced at higher KCl concentration or higher temperature,
but una↵ected with variation in MgCl2 concentration or pH value. As-
suming that the level of DNA sti↵ening is proportional to Ler’s occupancy
on DNA, reduced level of sti↵ening corresponds to decreased Ler’s binding
a nity to DNA. Accordingly, the vacated DNA sites can now associate
with Ler-bound DNA to cause DNA folding. In addition, DNA folding was
also observed with increasing MgCl2 concentration or decreasing pH value.
At such condition, the level of DNA sti↵ening is una↵ected, suggesting that
the DNA folding observed in the presence of MgCl2 or at low pH value is
caused by a di↵erent mechanism.
5.3.6 Ler replaces prebound H-NS from DNA
It has been suggested that Ler alleviates H-NS mediated repression through
direct competition for DNA binding sites and/or by changing local DNA
structure to prevent H-NS binding [131,135]. We have unravelled the DNA
binding properties of Ler and the susceptibility of Ler-DNA complexes to
various environmental factors. Together with the DNA binding properties
of H-NS, these information are invaluable to understand the role of Ler in
relieving H-NS-silenced genes. The competitive binding process of H-NS
and Ler to DNA has been studied previously by EMSA experiments, which
suggests that Ler can compete H-NS o↵ the DNA [136]. Here, we used
single-molecule methods to probe the competitive binding of Ler and H-NS
to DNA.
First, we stretched a single   DNA in the presence of 600 nM H-NS in 50
mM KCl, pH 7.5 at 23  C to form H-NS nucleoprotein filaments (Fig. 5.10).
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Figure 5.10: Ler can e↵ectively replace H-NS nucleoprotein filaments. The DNA
was precoated with 600 nM H-NS to form H-NS nucleoprotein filaments, before
increasing amount of Ler was introduced while maintaining the H-NS concentra-
tion of 600 nM. Ler can e↵ectively replace prebound H-NS from DNA at > 100
nM Ler. The dark grey region indicates one standard deviation away from the
average persistence length of H-NS-DNA complex at saturation, while the light
grey region indicates one standard deviation away from the average persistence
length of Ler-DNA complex at saturation.
We performed force-scanning procedure to confirm that the DNA has been
fully coated with H-NS. These curves overlap each other and the level of
DNA sti↵ening is very close to the predicted force-extension curve for H-
NS-DNA complexes at saturation, using an average persistence length of
227 ± 26 nm (Fig. 5.2C). The dark grey region indicates one standard
deviation away from the average persistence length of H-NS-DNA complex
at saturation.
Next, we introduced 100 nM Ler while maintaining 600 nM H-NS in solu-
tion. We found a significant reduction in the level of DNA sti↵ening. The
force-extension curve lies close to the predicted curve for Ler-DNA com-
plex at saturation, using an average persistence length of 120 ± 9 nm. The
light grey region indicates one standard deviation away from the average
persistence length of Ler-DNA complex at saturation. Further increase of
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Figure 5.11: AFM imaging of the mixture of preformed H-NS filaments and Ler
proteins. Ler concentration was varied while maintaining H-NS concentration of
1.2 µM. (A)  X174 was complexed with 1.2 µM H-NS to form rigid nucleoprotein
filaments. (B-D) Precoated H-NS filaments in the presence of 1.2 µM H-NS
and various concentration of Ler: 0.6 µM Ler (panel B), 1.2 µM Ler (panel
C), and 2.4 µM Ler (panel D). The protein-DNA complexes adopt compact
DNA structures and extended nucleoprotein structures. (E) Line profiles of
the extended structures as indicated by the coloured lines in panel A-D. The
extended nucleoprotein structures in the presence of various Ler concentration
are similar in height compared to H-NS nucleoprotein structures formed at 1.2
µM H-NS. The surface area for all the images are 0.7 µm x 0.7 µm.
Ler concentration to 300 nM and 600 nM results in similar level of DNA
sti↵ening, indicating saturation of Ler binding to DNA. These results indi-
cate that Ler can e↵ectively compete H-NS o↵ from the H-NS nucleoprotein
filaments in the mixture of 600 nM H-NS and > 100 nM Ler.
The conformations formed by H-NS and Ler are distinct: H-NS forms rigid
nucleoprotein filaments on DNA, whereas Ler forms compact Ler-DNA
structures and extended Ler-DNA structures. Thus, it would be interesting
to visualize the conformations of Ler and H-NS mixtures to study the com-
petitive DNA binding of H-NS and Ler. First, we incubated  X174 DNA
with 1.2 µM H-NS for 30 minutes to ensure that the DNA are fully coated
to form rigid H-NS nucleoprotein filaments (Fig. 5.11A). We repeated this
procedure to form H-NS precoated DNA, before various concentration of
Ler was introduced in the solution for another 20 minutes. At 1.2 µM H-NS
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and 0.6 µM Ler, we found some compact structures along with extended nu-
cleoprotein structures (Fig. 5.11B). Similar results were found in a mixture
of 1.2 µM H-NS and 1.2 µM Ler (Fig. 5.11C), as well as 1.2 µM H-NS and
2.4 µM Ler (Fig. 5.11D), suggesting that the replacement of H-NS by Ler
were saturated. The apparent extended structures found in Fig. 5.11B-D
can either be H-NS nucleoprotein filaments or extended Ler-DNA struc-
tures as observed previously (Fig. 5.5D). We examined the line profiles of
these extended structures and we found that the apparent width and height
of these structures were not much di↵erent compared to H-NS nucleopro-
tein filaments formed at 1.2 µM H-NS (Fig. 5.11E). Therefore, we cannot
discern whether these structures are H-NS-coated or Ler-coated DNA. Ler
can e↵ectively compete H-NS for DNA binding at lower stoichiometry in
the stretching experiments (Fig. 5.10), thus we speculate that at least in
the mixture of 1.2 µM H-NS and 2.4 µM Ler, Ler dominates DNA binding
by forming compact structures and extended structures.
5.3.7 E↵ect of KCl and MgCl2 concentration on H-
NS and Ler binding to DNA
Variation in environmental factors is found to a↵ect H-NS and Ler binding
to DNA, which in turn may influence the expression of genes controlled by
these proteins. Therefore, we would like to examine the competitive DNA
binding of H-NS and Ler at di↵erent bu↵er conditions, i.e. higher KCl
concentration or in the presence of MgCl2. First, we increased KCl concen-
tration from 50 mM KCl to 200 mM KCl. At this condition, H-NS binding
to DNA does not result in DNA sti↵ening, which can be caused either by 1)
reduced H-NS binding on DNA or 2) H-NS remains on DNA but is unable
to form rigid filaments due to less interaction between adjacent proteins at
higher salt concentration. We reproduced the earlier finding by introducing
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600 nM H-NS in solution and performed the force-scanning procedure. As
expected, the resulting force-extension curves show only a slight increase
in DNA sti↵ness compared to naked DNA (Fig. 5.12A, magenta data).
Next, we introduced various concentration of Ler on the H-NS-precoated
DNA in 200 mM KCl while maintaining H-NS concentration of 600 nM
throughout the experiment. As Ler-induced DNA sti↵ening was found in-
sensitive to KCl concentration in 50-200 mM KCl (Fig. 5.7A, Fig. 5.8A),
we plot a predicted force-extension curve generated using the average per-
sistence length of Ler-DNA complexes in 50 mM KCl as a reference. The
light grey region indicates one standard deviation away from the average
persistence length of DNA fully coated with Ler. We expect that as Ler
replaces H-NS, the level of DNA sti↵ening reflected in the force-extension
curve will approach the level expected for Ler-DNA complexes. At a mix-
ture of 600 nM H-NS and 100 nM Ler, the force-decrease curve shows a
moderate increase in DNA sti↵ness, indicating that Ler has partially re-
placed H-NS on DNA (Fig. 5.12A, green data). This is confirmed by the
hysteresis observed between the force-decrease and force-increase curves, as
well as the observation that the force-decrease curve lies below the naked
DNA curve, both of which indicate the presence of DNA folding. At <
2 mM MgCl2, H-NS-induced DNA bridging is absent [42]. Therefore, the
DNA folding observed in our experiment must be caused by Ler binding
to DNA. As we increased the concentration of Ler to 300 nM and 600 nM,
hysteresis was largely absent, indicating the absence of DNA folding (Fig.
5.12A, blue and orange data). The levels of DNA sti↵ening approach the
predicted level for DNA fully coated with Ler, suggesting that Ler has
largely replaced H-NS on the DNA. Hence, we found that Ler can e↵ec-
tively replace H-NS at higher monovalent salt concentration of 200 mM
KCl.
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Figure 5.12: Ler can e↵ectively replace H-NS nucleoprotein filaments over a wide
range of KCl and MgCl2 concentration. The DNA was precoated with 600 nM
H-NS to form H-NS nucleoprotein filaments, before increasing amount of Ler
was introduced while maintaining the H-NS concentration of 600 nM. The light
grey region indicates one standard deviation away from the average persistence
length of DNA fully coated with Ler. (A) In 200 mM KCl, H-NS binding results
in slight DNA sti↵ening (magenta data). As increasing amount of Ler protein
was introduced up to 600 nM Ler, the level of DNA sti↵ening approaches the
predicted level of fully coated Ler-DNA complexes, indicating that the prebound
H-NS on DNA was e↵ectively replaced by Ler. (B) In the presence of 10 mM
MgCl2, H-NS predominantly binds DNA in bridging mode, resulting in DNA
folding. As increasing amount of Ler protein was introduced up to 600 nM
Ler, the level of DNA sti↵ening approaches the predicted level of fully coated
Ler-DNA complexes. DNA folding is no longer observed, indicating that the
prebound H-NS on DNA was e↵ectively replaced by Ler.
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It is known that H-NS binding to DNA is sensitively dependent on MgCl2
[42]. At < 2 mM MgCl2, H-NS binding to DNA results in the formation
of rigid nucleoprotein filaments, while at > 2 mM MgCl2 H-NS bridges
double-stranded DNA to form hairpin-like structures. The level of DNA
sti↵ening also decreases as MgCl2 concentration is increased. We repro-
duced the formation of such DNA bridges that result in DNA folding by
stretching single   DNA in the presence of 600 nM H-NS in 50 mM KCl,
10 mM MgCl2 (Fig. 5.12B, magenta data). The force-decrease curve lies
below the naked DNA curves, indicating DNA folding. The extension data
at forces < 0.8 pN were not recorded due to rapid DNA folding that can
reduce the DNA extension below the minimal measurable length (⇠ 2 µm).
We jumped directly to high force to prevent the DNA from being exten-
sively folded, and thus the force-increase scan was not recorded either.
We found previously that the DNA sti↵ening e↵ect of Ler is insensitive
to MgCl2 concentration in the range of 0 10 mM MgCl2 (Fig. 5.7B, Fig.
5.8B). Thus, a predicted force-extension curve using an average persistence
length of Ler-DNA complexes at 50 mM KCl was plotted. The light gray
region indicates one standard deviation away from the average persistence
length value. We expect that as Ler replaces H-NS, the level of DNA sti↵en-
ing will approach the level of sti↵ening predicted for fully coated Ler-DNA
complexes. In the subsequent experiments, we maintained H-NS concentra-
tion of 600 nM and gradually increased Ler concentration in solution. At a
mixture of 600 nM H-NS and 100 nM Ler, we observed similar rapid DNA
folding as found in 600 nM H-NS in the absence of Ler, indicating that
H-NS dominates DNA binding (Fig. 5.12B, green data). As we increased
Ler concentration to 300 nM, the force-decrease curve lies below the naked
DNA, indicating DNA folding (Fig. 5.12B, blue data). The force-increase
curve lies below the force-decrease curve due to accumulation of DNA fold-
ing at low forces. The DNA folding at this concentration was moderately
5.4 Discussion 119
reduced, compared to the rapid DNA folding found in the presence of 100
nM Ler. The reduced amount of DNA folding in the mixture of 600 nM
H-NS and 300 nM Ler can be attributed to Ler binding, which replaces
H-NS and antagonizes DNA folding. Further increase of Ler concentration
to 600 nM Ler results in negligible hysteresis between the force-decrease
and force-increase curves, while the level DNA sti↵ening is comparable to
the level of sti↵ening expected for fully-coated Ler-DNA complex. This
shows that H-NS was e↵ectively driven o↵ by Ler at equimolar mixture of
H-NS and Ler.
Taken together, we found that Ler can e↵ectively compete H-NS o↵ the
DNA in the range of 50 200 mM KCl and 0 10 mM MgCl2. Equal or
lower stoichiometry of Ler compared to H-NS is also su cient for Ler to
e↵ectively replace H-NS nucleoprotein filaments. The implication of our
findings will be elaborated in the Discussion section.
5.4 Discussion
5.4.1 The organisation modes of Ler to DNA
A complete understanding of the DNA binding properties of Ler is impor-
tant to understand Ler-mediated anti-silencing activity on H-NS-silenced
genes. It has been reported that Ler can wrap around DNA to form toroidal
structures [136, 139]. However, force was largely absent in these experi-
ments in spite of its importance. Force can a↵ect protein-DNA interaction
by altering the DNA conformation into a more extended structures. The
tension in living cells can be generated from the attachment of nucleoid to
the cell wall, the activity of RNA polymerase, and many other factors [7,8].
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In this work, we explore the organisation modes of Ler to both random-
coiled and extended DNA structures using single-molecule stretching ex-
periments and single-molecule imaging experiments. We stretched long  
DNA molecule, because short DNA is intrinsically rigid and thus protein
binding on short DNA results in less distinguishable signal on the force-
extension curves. The DNA molecule that we stretched is a non-specific
DNA sequence for H-NS or Ler binding. However, we expect similar DNA
organisation modes and responses to environmental factors on these spe-
cific promoter sites, which may occur at lower Ler concentration due to the
higher binding a nity to these sequences. Overall, this work advances the
knowledge of Ler-DNA interaction to better understand the mechanism of
Ler’s anti-silencing activity in vivo.
Previous imaging experiments have reported that Ler can induce DNA
wrapping to form toroidal protein-DNA complexes [136, 139]. In agree-
ment to these results, we also found DNA folding in our magnetic tweezers
experiments at unsaturated Ler binding and compact Ler-DNA structures
in our AFM imaging experiments. The reduction in DNA extension at un-
saturated Ler binding to DNA can result from either DNA bridging, DNA
wrapping, or both, which requires interaction between Ler-bound DNA to
naked DNA. Higher Ler concentration results in saturated Ler binding on
DNA, and consequently the unoccupied DNA sites are depleted. This pre-
vents the association of Ler-bound DNA to naked DNA that causes DNA
folding.
In addition to DNA folding, we show that Ler can sti↵en DNA in our mag-
netic tweezers experiment at higher Ler concentration. This DNA sti↵ening
corresponds to the extended Ler-DNA structures found in our AFM imag-
ing experiments at higher Ler concentration. Previously, DNA sti↵ening
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has often been associated with cooperative polymerization that forms nu-
cleoprotein filaments, as found in H-NS, StpA, MvaT, Lsr2, indicated either
by Hills coe cient value > 1 or the formation of segregated islands along
DNA in imaging experiments [42, 77, 97, 105]. These nucleoid-associated
proteins function as transcriptional gene silencer in vivo, and the forma-
tion of rigid nucleoprotein filaments that can restrict DNA accessibility has
been proposed as a possible gene-silencing mechanism.
Interestingly, we found that Ler binds to DNA in a largely non-cooperative
process, indicating that the DNA sti↵ening found in our single-molecule
stretching experiments is not caused by the formation of nucleoprotein fil-
aments. Instead, we propose that higher Ler stoichiometry can result in
the unwrapping of toroidal Ler-DNA complexes, vacating more DNA bind-
ing sites for Ler oligomers. The closely packed Ler oligomers can give rise
to DNA sti↵ening due to steric interaction between adjacent protein unit,
local sti↵ening of DNA backbone by each protein unit, or the combination
of both. There are many factors that can produce tension on the nucleoid
structure in vivo, and therefore the unwrapped Ler-DNA complex may be
relevant even at unsaturated Ler binding. This scenario may also apply
to other DNA wrapping protein, such as IHF and HU binding to dsDNA
in E. coli, and single-stranded DNA binding protein (SSB) binding to ss-
DNA [33, 143, 144]. The non-cooperative binding of Ler to DNA is also
supported by the random distribution of Ler oligomers along the DNA
as reported in previous AFM and EM imaging experiments [136, 139]. We
expect to see segregated islands of Ler oligomers along DNA if Ler binds co-
operatively to DNA. Taken together, Ler binds to DNA non-cooperatively
in both wrapped and unwrapped mode. The DNA organisation mode of
Ler is schematized in Fig. 5.13.
In this work, we have shown that Ler binding to DNA is mainly di↵erent
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Figure 5.13: Schematic model of the DNA organisation mode of Ler and its in-
terplay with H-NS. Unsaturated Ler binding on DNA allows the association of
Ler-bound DNA to naked DNA, which results in either DNA wrapping, DNA
bridging, or both. At higher Ler concentration, Ler-wrapped DNA is unwrapped
in order to accommodate more Ler oligomers on DNA. This saturated Ler bind-
ing results in Ler-DNA nucleoprotein complex array that sti↵ens the DNA back-
bone. Importantly, Ler binds to DNA in a largely non-cooperative process, in
contrast to H-NS that binds cooperatively to DNA to form rigid nucleoprotein
filaments in < 2 mM MgCl2. Ler can e↵ectively replace H-NS nucleoprotein
filaments over a wide range of KCl and MgCl2 concentration, which provide the
basis for understanding the anti-silencing mechanism of Ler on H-NS-repressed
genes.
compared to H-NS and other H-NS family proteins in regard to their bind-
ing cooperativity. In contrast to Ler, the binding properties of H-NS and
H-NS family member studied so far have been characterized by positive
cooperative binding on DNA. Although Ler has been known previously as
a member of H-NS-family proteins, it functions as anti-silencer for genes
repressed by H-NS [145]. We propose that the non-cooperative binding
of Ler to DNA may be the basis for Ler’s anti-silencing activity. The
absence of continuous nucleoprotein filaments may grant easier access for
RNA polymerase transcription initiation and translocation. The di↵erence
in cooperativity may be attributed to the markedly di↵erent sequence in
the N-terminal region compared to H-NS.
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5.4.2 Implications of Ler responses to environmental
factors
The expression of some operons in LEE pathogenicity island is often regu-
lated by environmental factors such as temperature [135, 140]. It remains
unclear, however, whether variation in environmental factors a↵ect the
DNA binding properties of H-NS, Ler, or both proteins. H-NS nucleo-
protein filaments have been found sensitive to variation in environmental
factors such as KCl concentration, MgCl2, pH, and temperature [42]. In
this work, we show that Ler binding to DNA is also influenced by these
environmental factors over physiologically relevant ranges.
We found that higher KCl concentration and higher temperature result in
decreased Ler’s DNA binding a nity, which can promote DNA folding due
to the availability of unoccupied DNA sites. On the other hand, DNA bind-
ing is largely una↵ected by variation in MgCl2 concentration and pH value.
Ler’s DNA binding a nity is less sensitive to variation in KCl concentra-
tion compared to H-NS, suggesting that Ler may have less electrostatic
interactions with DNA. In other words, the dependence of association con-
stant for DNA binding to KCl concentration is less severe compared to
H-NS [146]. The presence of MgCl2 or lower pH were found to induce DNA
folding on Ler-DNA complexes, the mechanism of which is still unclear.
The susceptibility of Ler-DNA complexes to various environmental factors
studied in this work provide the basis for understanding the competitive
DNA binding of Ler and H-NS under various bu↵er condition, which may
directly correspond to the transcriptional regulation activities by H-NS and
Ler.
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5.4.3 Implications on Ler mediated anti-silencing ac-
tivity
Some operons in LEE pathogenicity islands are coregulated by H-NS and
Ler. H-NS can mediate gene repression, while Ler can alleviate those genes
silenced by H-NS. Hence, unraveling the organisation modes of Ler to DNA
is key to decipher the molecular mechanism of Ler’s anti-silencing activ-
ity, as Ler can achieve its in vivo function through DNA binding. The
regulation of gene expression can be achieved directly through the com-
petitive DNA binding by H-NS and Ler. We provide evidence that Ler
can e↵ectively replace H-NS on DNA at lower stoichiometry to H-NS, sup-
porting the notion that Ler alleviates H-NS-mediated gene repression by
driving H-NS o↵ the DNA. In addition, Ler dominates DNA binding in
the range of 50 200 mM KCl and 0 10 mM MgCl2, demonstrating the
robustness of Ler’s anti-silencing activity over a wide range of physiologi-
cal condition. SsrB, another H-NS-antagonizing protein in Salmonella, has
also been found able to displace H-NS in polymerization mode to relieve
H-NS-silenced genes [82]. H-NS cooperatively binds to DNA and forms
continuous nucleoprotein filament. Thus, the dissociation of H-NS from
DNA may be severely inhibited by the interaction between adjacent pro-
tein unit. However, thermal fluctuations at the ends of H-NS filament can
cause unbinding and rebinding of H-NS. This way, Ler can progressively
replace H-NS from the filament end, preventing rebinding of H-NS.
Another important question which has not been answered in this work is
how Ler binding on DNA can potentially result in the activation of gene ex-
pression. The formation of H-NS nucleoprotein filament has been proposed
as the basis for gene silencing, based on its ability to render the promoter se-
quence inaccessible to RNA polymerase binding or block the translocation
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of RNA polymerase [115]. These two mechanisms are due to the coopera-
tive H-NS binding that forms continuous H-NS filaments on DNA. In this
work, we show that Ler binds to DNA in a largely non-cooperative pro-
cess. We propose that this independent Ler binding to DNA may result in
weaker capacity to restrict DNA accessibility or to block RNA polymerase
translocation, hence gene anti-silencing is achieved.
Finally, there are many H-NS-antagonizing proteins and therefore many
anti-silencing mechanisms have been proposed for H-NS-mediated gene
silencing [6]. In general, anti-silencing can be achieved either by direct
competition with H-NS for DNA binding or by disrupting H-NS oligomers
through heteromeric protein complex formation. Multiple studies have sug-
gested that Ler counteracts H-NS silencing activity by directly binding to
DNA [129,132,134,147–150]. On the other hand, there is no evidence that
H-NS and Ler can interact with each other [6,132,151]. To our knowledge,
there is also no evidence that Ler activates transcription by interacting di-
rectly with RNA polymerase. Therefore, Ler in EHEC and EPEC most
likely performs its anti-silencing mechanism based on its interaction with
DNA. However, we do not exclude that it can also relieve H-NS-silenced
genes through other as yet unidentified mechanisms.
Chapter6
Conclusion
In this chapter, we provide the summary of the works presented in the
previous chapters. The importance and the contribution of our works to
the scientific understanding on the role of nucleoid-associated proteins in
bacterial chromatin are discussed next.
6.1 Summary
6.1.1 The formation of nucleoprotein filaments and
higher order oligomerization are required for
MvaT silencing activity in Pseudomonas aerug-
inosa
MvaT is an H-NS-related protein in Pseudomonas aeruginosa, which func-
tions primarily as a global gene silencer. Despite its lack of sequence sim-
ilarity to H-NS, MvaT is found able to functionally substitute H-NS in
H-NS-deficient cell in the in vivo complementation assay. Recently, it is
found that mutation in its N-terminus, which serves as the protein oligomer-
ization domain, impairs higher-order oligomerization of MvaT and causes
the failure of MvaT in repressing the expression of cupA gene in vivo.
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We performed single-molecule experiments using magnetic tweezers and
AFM to unravel the organisation modes of MvaT to DNA. We found
that unsaturated binding of MvaT can result in DNA bridging that forms
hairpin-like structures, while saturated binding of MvaT results in the for-
mation of rigid nucleoprotein filaments. These filaments are insensitive to
variation in monovalent salt concentration, temperature, pH, and magne-
sium concentration. In addition, we found that the filaments are formed
through cooperative binding of MvaT to DNA. At higher concentration of
MvaT, the rigid nucleoprotein filaments were further condensed to form
compact structures. We speculate that the presence of additional low-
a nity oligomerization domain in MvaT causes the higher-order DNA fold-
ing. This folding mechanism can be moderately modulated by variation in
environmental factors.
Importantly, we found that the functionally defective MvaT mutants were
unable to form rigid nucleoprotein filaments. These mutants cannot form
higher-order oligomers in solution due to the mutation in the N-terminal re-
gion. This key finding leads us to the conclusion that higher-order oligomer-
ization is necessary for the formation of rigid nucleoprotein filament that
is responsible for gene silencing activity in Pseudomonas aeruginosa. In
support to this, we found that MvaT nucleoprotein filaments can restrict
DNA accessibility in our single-molecule DNase1 assay.
6.1.2 Single-molecule study on Histone-like Nucleoid-
structuring Protein (H-NS) Paralogue in Pseu-
domonas aeruginosa : MvaU Bears DNA Or-
ganisation Mode Similarities to MvaT
In Pseudomonas genus, another H-NS-related protein called MvaU is of-
ten found along with MvaT. Together, these proteins bind to the same
6.1 Summary 128
regions of the chromosome and function coordinately in the regulation of
hundreds of genes. Due to their structural similarity, they can associate to
form heteromeric complexes. The reciprocity between MvaT and MvaU,
together with their predicted functional redundancy demand an investiga-
tion to understand the role of multiple H-NS paralogue in bacterial species.
For example, such proteins may be useful to maintain the functional in-
tegrity of regulatory system or to serve as a backup.
In our single-molecule experiments, we found striking similarities in the
DNA organisation mode of MvaU compared to MvaT. MvaU can form
gene-silencing nucleoprotein filament, in confirmation to its role as gene
repressor. We also found that these rigid filaments are insensitive to vari-
ous environmental factors, while higher-order folding by excess MvaU are
moderately modulated. In addition, MvaU nucleoprotein filament can pro-
tect DNA from cleavage by DNase1. We also complexed MvaT and MvaU
together, resulting in similar DNA binding properties to either constituent
alone.
6.1.3 Ler can antagonize H-NS nucleoprotein filaments
through non-cooperative DNA binding
Gene regulation involves both silencing and anti-silencing. H-NS-repressed
genes can be alleviated through multiple mechanisms to activate gene tran-
scription. Ler is an important protein known to alleviate the transcription
of H-NS-silenced genes in the LEE pathogenicity islands of EHEC and
EPEC. We studied the interplay between H-NS and Ler on DNA binding
to gain insight on the mechanism of anti-silencing.
We performed single-molecule experiments to unravel the DNA organisa-
tion mode of Ler. We found that Ler-bound DNA can associate with naked
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DNA, while saturated binding of Ler on DNA leads to DNA sti↵ening. In
conjunction with previous report on DNA wrapping by Ler, we propose
that Ler binds DNA in wrapped and unwrapped mode. Unlike H-NS,
Ler binds to DNA non-cooperatively. We also found that Ler can replace
performed H-NS nucleoprotein filaments over a wide range of monovalent
salt and magnesium concentration. We propose that the non-cooperative
binding of Ler to DNA is the basis for Ler’s anti-silencing activity.
6.2 Relevance and Outlook
At the beginning of this thesis, we seek to better understand the role of
nucleoid-associated proteins in bacterial chromatin, which involves gene
regulation and DNA packaging. The gene regulation itself involves gene
silencing and gene anti-silencing. At the end of this thesis, we have gained
abundant knowledge and insights on these topics through our single-molecule
study on MvaT, MvaU, and Ler.
First, we demonstrate the existence of nucleoprotein filaments in MvaT-
DNA complexes. To our knowledge, this is the first demonstration of the
existence of rigid nucleoprotein filaments in species other than enteric bac-
teria. Previously, such filaments are only found in E. coli and Salmonella,
formed by H-NS and StpA. Equally important, we also provide the first
direct evidence on the importance of nucleoprotein filaments on gene si-
lencing. Nucleoprotein filament was not formed when functionally defec-
tive MvaT mutants were used in our experiments. Recent study from our
group also demonstrates the existence of such nucleoprotein filaments in
Mycobacterium tuberculosis, a Gram-positive bacteria [105]. This raises an
important question whether the formation of nucleoprotein filaments is a
conserved and general feature across prokaryotes for gene silencing.
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Second, we unravel the organisation mode of MvaU, an MvaT paralogue, in
Pseudomonas aeruginosa. Consistent with the predicted functional redun-
dancy, the organisation mode of MvaU is similar to that of MvaT. Other
Pseudomonas strain can have up to five H-NS paralogue proteins that are
functionally similar [152]. The existence of these proteins may provide evo-
lutionary benefits that go further than merely functioning as backup system
to maintain a functional regulatory system. This finding serves as the basis
to further understand the function of numerous other H-NS paralogues in
the same bacterial system.
Third, we found that Ler can e↵ectively replace H-NS nucleoprotein fila-
ments. The robustness of Ler binding may serve as the basis to understand
anti-silencing mechanism through competitive DNA binding. Due to the
non-cooperative binding of Ler compared to H-NS, Ler-DNA complexes can
grant easier access of promoter sites to RNA polymerase during transcrip-
tion initiation. In addition, Ler-DNA complexes may have weaker capacity
to block RNA polymerase translocation. These anti-silencing mechanisms
can be tested in the future with single-molecule RNA polymerase assays.
The content of this thesis has extended our understanding on gene regu-
lation in general in the following manner. First, the mechanism of gene
silencing in bacteria is likely related to the existence of numerous H-NS-
family proteins across di↵erent bacterial species. Some of the proteins
studied show evidence that rigid nucleoprotein filaments is a conserved
property. Note that, although the formation of nucleoprotein filament is
found to be more relevant to gene silencing, we don’t rule out that gene
silencing can also be achieved through other mechanism, including DNA
bridging, compaction, etc. Second, higher-order oligomerization mediated
by the N-terminal domain of these H-NS-family proteins is necessary for
the integrity of gene-silencing nucleoprotein filaments. Third, cooperative
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protein binding to DNA, which forms continuous filaments through inter-
action between adjacent protein-bound DNA, may be the distinguishing
feature of gene silencing proteins. Fourth, the filaments may achieve gene
silencing by restricting RNA polymerase access to DNA, which is sup-
ported by our results. In addition, the filaments may also block RNA
polymerase translocation. This needs to be confirmed in future experi-
ments. Fifth, anti-silencing can be achieved by competitive DNA binding
that replaces the nucleoprotein filaments. The non-cooperative binding
of such anti-silencing proteins can possibly grant better DNA accessibility
to RNA polymerase for transcription initiation, as well as allowing RNA
polymerase translocation on the protein-DNA complexes. This hypothesis
needs to be confirmed in future experiments.
The content of this thesis has extended our understanding on DNA pack-
aging in general in the following manner. First, DNA bridging observed
in our experiments can be achieved by association between protein-bound
DNA with naked DNA segments to form hairpin-like structures, thus con-
tributing to DNA packaging. Second, we find that DNA compaction can
be aided by higher protein concentration in the case of MvaT and MvaU,
which may be caused by additional low-a nity oligomerization domain.
This property is unique as MvaT and MvaU can simultaneously achieve
gene regulation and DNA packaging function.
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